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 The Fish Creek-Vallecito basin (FCVB) is a large Plio-Pleistocene sedimentary basin 
in the western Salton Trough, CA.  The FCVB formed during subsidence along the West 
Salton Detachment fault and was uplifted and tilted when slip along the West Salton 
Detachment fault ended and the region became dominated by strike-slip faulting.  This study 
uses paleomagnetism and magnetostratigraphy to determine the timing and rate of rotation of 
the FCVB.  Two hundred and one sites were sampled in the Palm Spring Group of the 
FCVB.  Magnetite and hematite are identified as carriers of remanence, and rock magnetic 
measurements are consistent with a magnetite detrital remanent magnetization and hematite 
detrital remanent magnetization or chemical remanent magnetization. Polarity interpretation 
yielded nine geomagnetic polarity intervals.  Correlation of the magnetostratigraphy to the 
geomagnetic polarity time scale at a U-Pb dated ash layer within the sampled section yields 
an age span of 1.78 to 3.33 Ma for the section.  Comparison of the modern expected direction 
with mean normal and reverse-polarity directions yields 14±3° to 17±3° of clockwise rotation 
for the FCVB.  Rotations are interpreted to be uniform for the sampled section and younger 
than the approximately 1.2 Ma age attributed to uplift and deformation of the FCVB.  
Rotation of the FCVB is attributed to slip along the Elsinore fault. Calculations of fault slip 
from 14±3° or 17±3° of clockwise rotation of the FCVB since 1.2 Ma produce maximum 
estimates of 2.1±0.3 or 2.4±0.3 mm/yr of right lateral slip along the Elsinore fault and 
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INTRODUCTION 
 The relative plate motion between the North America and Pacific plates deforms the 
southwestern US region of the plate boundary, resulting in large strike-slip faults.  
Theoretical and observation-based models of deformation in the southwestern US include 
components of vertical axis rotation of large crustal blocks between strike-slip faults (Ron et 
al., 1984; McKenzie and Jackson, 1986; Nur et al., 1986; Lamb, 1994; Bos and Spackman, 
2005; McCaffrey, 2005).  Knowing the amount, timing, and distribution of crustal block 
rotation is important in partitioning the relative plate motion into permanent and elastic 
strain.  Geodetic measurements provide decade-scale information about surface deformation, 
and these observations include both permanent and elastic strain.  Geologic time scale 
deformation is the result of permanent strain, and the incorporation of elastic strain into 
geodetic measurements can cause global positioning system (GPS) based models to 
inaccurately predict geologic rotation and fault slip rates (Chuang and Johnson, 2011; Bos 
and Spackman, 2005; McCaffrey, 2005).  Paleomagnetic measurements can successfully 
measure vertical axis rotation, and combined with magnetostratigraphy, paleomagnetic 
studies can provide direct measurements of vertical-axis rotation through geologic time.  This 
study presents the results of a paleomagnetic and magnetostratigraphic study of the central 
and southern Fish Creek-Vallecito Basin (FCVB) in southern California. 
 
2 BACKGROUND 
2.1 Tectonic history 
 The FCVB is a large sedimentary basin located in the western Salton Trough in 
southern California (Fig. 1).  The Salton Trough formed as regional Miocene to Pliocene 
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transtension resulted in extension and subsidence along the West Salton Detachment fault 
(WSDF; Fig. 1) (Dibblee, 1954; Johnson et al., 1983; Winker, 1987; Winker and Kidwell, 
1996).  As subsidence continued, the Salton Trough formed a large seaway with the Gulf of 
California by 6.3 Ma (Dorsey, 2006; McDougall, 2008; Winker, 1987; Winker and Kidewll, 
1986).  A large delta began forming in the Salton Trough ca. 5.3 Ma (Dorsey et al., 2007; 
Winker and Kidwell, 1986) when the Colorado River prograded into the seaway.  Relative 
motion between the Pacific and North American plates translated the Salton Trough 
northwest of the Colorado River, and sedimentation in the basin became dominated by local 
streams and lakes (Dorsey et al., 2011; Winker and Kidwell, 1986).  The regional tectonics of 
the Salton Trough changed ca. 1.0-1.3 Ma when slip along the WSDF ended and the region’s 
tectonism became dominated by strike-slip faults such as the San Filipe, San Jacinto, and 
Elsinore faults (Dorsey et al., 2010; Kirby et al., 2007; Lutz et al., 2006; Matti and Morton, 
1993; Steely et al., 2009).  Regional transpression and strike-slip motion along these faults 
dissected the Salton Trough and began uplifting and tilting the FCVB ca. 1.2 Ma (Dorsey et 
al., 2012; Johnson et al., 1983; Magistrale and Rockwell, 1996). 
 The Elsinore fault is significant to this study because if forms the southern boundary 
of the FCVB (Axen and Fletcher, 1998; Fig. 2) and rotation of the FCVB may be the result of 
slip along the Elsinore fault (Johnson et al., 1983; Magistrale and Rockwell, 1996).  The 
Elsinore fault extends from the Los Angeles basin to Mexico, where it becomes the Laguna 
Salada fault (Magistrale and Rockwell, 1996).  A single fault strand defines the Elsinore fault 
north of approximately 33.5° and south of approximately 33° latitude, but the fault is defined 
by two strands between these latitudes (Magistrale and Rockwell, 1996; Fig. 1).  The FCVB 
is located just south of end of the double strand.  The age of initial slip along the northern 
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single strand of the Elsinore fault is estimated at approximately 2.5 Ma (Hull and Nicholson, 
1992; Magistrale and Rockwell, 1996).  Magistrale and Rockwell (1996) assign different 
ages for each strand of the double strand portion of the Elsinore fault, and use a 0.9 Ma age 
of rotation of the FCVB from a paleomagnetic study by Johnson et al. (1983) as the age of 
initiation of the younger of the double strands.  Dorsey et al. (2012), however, concluded that 
syn-depositional tilt of 1.0-1.2 Ma sediments in the FCVB resulted from initiation of the 
Elsinore fault.  
 
2.2 Geology of the Fish Creek-Vallecito Basin 
 The FCVB contains 5 km of sedimentary rocks dipping gently to the southwest 
(Winker, 1987; Winker and Kidwell, 1996).  The stratigraphic nomenclature for the FCVB is 
based on Winker and Kidwell (1996), as modified by Cassiliano (1999), which divides the 
basin into three lithostratigraphic groups (Fig. 3).  The units sampled in this study belong to 
the Palm Spring Group, and are described below. 
 The Palm Spring Group is subdivided into the Arroyo Diablo, Olla, Tapiado, and 
Hueso formations, and the Canebrake Conglomerate (Fig. 3).  The Arroyo Diablo Formation 
contains sandstones and siltstones of Colorado River sediment deposited in subaerial deltaic 
streams and floodplains.  The Olla Formation is composed of interfingering sandstones of 
local and Colorado River sediments, and stratigraphically correlable to the Arroyo Diablo 
Formation (Fig. 3).  The Tapiado Formation contains lacustrine mudstone, siltstone, and 
sandstones localized in the center of the basin (Figs. 2 & 3).  The Tapiado Formation 
transitions conformably from the Arroyo Diablo Formation but marks the end of Colorado 
River sedimentation in the FCVB (Winker, 1987; Dorsey et al., 2011).  The lower Tapiado 
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Formation contains two air fall tuffs that are dated by U-Pb analysis of zircons at 2.65±0.05 
Ma and 2.60±0.06 Ma (Dorsey et al., 2011).  The Hueso Formation is laterally equivalent to 
the Tapiado Formation and consists of sandstones, mudstones, and conglomerates of locally 
derived material (Fig. 3).  The Canebrake Conglomerate contains pebble to boulder 
conglomerate from alluvial fan deposits along the WSDF margin (Figs. 2 & 3).  Quaternary 
gravel overlies the Palm Spring Group (Fig. 3). 
 
2.3 Previous Studies  
 Opdyke et al. (1977) developed the first magnetostratigraphy for the FCVB to date 
mammalian fossil successions within the basin.  The study sampled 150 sites through the 
upper 3000 m of stratigraphic section (Opdyke et al., 1977).  Results, based on a single-step 
30 mT alternating field demagnetization, yielded 12 polarity intervals.  Opdyke et al. (1977) 
conclude the magnetostratigraphy spans the geomagnetic polarity intervals C1r.1r through 
C3n.1n, which translates to 0.99 to 4.18 Ma using the geomagnetic polarity time scale of 
Gradstein et al. (2004).  Some data from Opdyke et al. (1977) contain an unremoved 
overprint of magnetization (Johnson et al., 1983), so the magnetostratigraphy of the FCVB 
was revisited in a study of basin subsidence and rotation.  Johnson et al. (1983) used a 500°C 
single step to demagnetize specimens from the Opdyke et al. (1977) study.  Johnson et al. 
(1983) argued that the paleomagnetic data are improved because the confidence intervals for 
the normal and inverted reverse polarity sites now overlap when reversed.  Johnson et al. 
(1983) correlated the measured magnetostratigraphy to the geomagnetic polarity time scale 
(GPTS) of Mankinen and Dalrymple (1979) using K-Ar dated ash layer within the basin, and 
conclude that the measured section spans 0.99 Ma to 4.3 Ma.  They also concluded from 
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remanence directions that the FCVB has rotated approximately 35° clockwise since 0.99 Ma, 
inferring seven kilometers of slip along the Elsinore fault (Johnson et al., 1983). 
 Recent paleomagnetic studies further revised early work in the FCVB.  Sampling 
lower in the basin has extended the maximum age of the FCVB to 8.1±0.4 Ma (Dorsey et al., 
2007) and the age of the two tephra layers has been determined to be 2.65±0.05 Ma and 
2.60±0.06 Ma (Dorsey et al., 2011).  Additionally, several of the magnetic polarity 
interpretations of Johnson et al. (1983) were incorrect and likely based on demagnetization 
data biased by an unremoved overprint (Dorsey et al., 2011).   
 Estimates of current deformation of the FCVB are provided by studies utilizing GPS 
measurements, seismic data, and modeling to analyze crustal deformation in the 
southwestern United States.  McCaffrey (2005) combined fault slip rates, earthquake slip 
vectors, and inversion of 11 published GPS velocity datasets to model block deformation in 
the southwestern United States.  McCaffrey (2005) argued that observed deformation in the 
southwest can be explained by elastic strain resulting from locked faults.  His model 
calculates approximately 0.5-0.75°/Ma of clockwise rotation for blocks containing the 
FCVB, and 3 mm/yr of slip along the southern Elsinore fault.  Bos and Spackman (2005) 
used the inversion of approximately 500 GPS velocities to model deformation of the 
southwestern United States in fault-locked and surface creep scenarios.  The surface creep 
model of Bos and Spackman (2005) predicts 2-8 mm/yr of surface creep along the Elsinore 
fault and 1-2°/Ma of clockwise rotation for the FCVB.  The fault lock model of Bos and 
Spackman (2005) calculates 6-8°/Ma of clockwise rotation of the FCVB.  Both GPS studies 
use decade scale observations for description of deformation of the southwestern United 
States and constrain their models by geologically determined slip rates (Bos and Spackman, 
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2005; McCaffrey, 2005).  A Holocene slip rate of 3.3-5.5 mm/yr along the southern Elsinore 
fault is estimated from offset of geomorphic features in the Coyote mountains just south of 
the FCVB (Pinault, 1984; Magistrale and Rockwell, 1996).  Dorsey et al. (2012) calculated a 
lifetime slip rate of 1-2 mm/yr along the Elsinore fault near the FCVB.   
 
2.4 Problem Statement 
 Rotation and fault slip rates from GPS-based studies are dependent on the model used 
(Chuang and Johnson, 2011).  Slip rates along the Elsinore fault that are predicted by the 
models of McCaffrey (2005) and Bos and Spackman (2005) are generally consistent with 
geologically determined Holocene slip rates near the FCVB.  However, rotation rates for the 
FCVB predicted by the models of McCaffrey (2005) and Bos and Spackman (2005) are 
significantly lower than the rates measured by Johnson et al. (1983).   
 It is unclear if any of the rotational rates for the FCVB are accurate.  The variety of 
rotational rates from GPS-based studies emphasize the model dependency on calculated 
values, and underscore a lack of consensus of appropriate ranges for rotational rates of the 
FCVB.  The paleomagnetic work of Johnson et al. (1983) has been shown to be suspect due 
to overprinted directions (Dorsey et al., 2011).  Additionally, the techniques used in Johnson 
et al. (1983) to resolve paleomagnetic directions are no longer the scientific standard. 
 This study is undertaken to determine if rotation of the FCVB is older or smaller than 
concluded by Johnson et al. (1983) and paleomagnetically determined rotational rates are 
accordingly lower, or if the rotational rate calculated by Johnson et al. (1983) is in fact 
correct.  Additionally, this study will determine if the rotational rates predicted by GPS-based 
studies for the FCVB are true over geologic time.  In this study, paleomagnetic analysis is 
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used to calculate the amount of vertical axis rotation for the FCVB, magnetostratigraphic 
analysis is used to determine the age of the sampled rocks, and rock magnetic analysis is 
used to address the cause of anomalous data and evaluate the model of remanence 
acquisition.  Provided that the remanence acquisition is consistent with a detrital remanent 
magnetization as is expected for sedimentary rocks, the paleomagnetism and 
magnetostratigraphy will be combined to determine the age and rate of vertical axis rotation 
for the FCVB.   
 
3 METHODS 
3.1 Field Sampling 
Field work was designed to provide close regular magnetostratigraphic and 
paleomagnetic sampling of sections that could be combined into a continuous stratigraphic 
section.  Sampled sections are located along washes that were selected based on their 
proximity to the dated ash layers, orientation with respect to bedding, ease of access, and 
exposure.  Sites were located using a handheld GPS device, and stratigraphic correlations 
were made in the field. Samples were collected using a portable-gas powered drill and cores 
were oriented in the field using a magnetic and sun compass.  Each site yielded 3-8 cores, 
which were cut into 2.2 cm long specimens using a non-magnetic saw. 
 These sections were sampled in February 2010 at approximately 10 m intervals as 
measured using a Jacob’s staff and Brunton compass (Fig. 4).  Additional sites were collected 
in February 2011 to expand the sampling coverage.  Samples from 2009 and 2007 collections 
at the Pacific Northwest Paleomagnetic Laboratory at Western Washington University are 
used in this study to supplement rotational analysis of the basin.  Magnetostratigraphic, but 
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not paleomagnetic, data from the 2007 collection has been published in Dorsey et al. (2011).  
Samples collected in 2009-2011 are detailed in Table 1.  Sampling of the 2007 section is 
described in Dorsey et al. (2011). 
 
3.2 Paleomagnetism 
 Paleomagnetic techniques are used to measure the vertical axis rotation of the FCVB.  
Demagnetization is carried out to resolve the remanence directions recorded by each 
specimen.  The structure of the FCVB is analyzed to determine suitable unfolding models to 
structurally correct the remanence directions, and a fold test is used to determine the 
orientation of the rocks when remanence was acquired.  Elongation-inclination analysis is 
used to correct the inclinations of remanence directions in sedimentary rocks.  A reversal test 
and subdivision of the site-mean remanence directions are used to aid rotational analysis of 
the FCVB.   
  
3.2.1 Demagnetization 
 Specimens were demagnetized using either thermal or alternating field (AF) 
demagnetization techniques and remanence was measured using a 2-G 755 DC-SQUID 
magnetometer.  For each site, thermal demagnetization was carried out on one to four 
specimens in 20-40°C steps using an ASC-TD48 thermal demagnetizer.  Thermal 
demagnetization typically followed these steps (ºC):  25, 80, 120, 160, 200, 240, 280, 320, 
360, 400, 440, 480, 520, 560, 580, 620, 660, 680.  AF demagnetization was carried out on at 
least one specimen per site in 25-60 mT steps using a Dtech D-2000 AF demagnetizer and 
generally followed this scheme (mT):  0, 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 80, 120, 200.  
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Demagnetization proceeded until the remanence was removed, remanence became unstable, 
the operational limits of the Dtech D-2000 were reached, or the specimen disaggregated into 
sediment. 
 Orthogonal vector projections (Zijderveld, 1967) and equal area projections were 
used to determine the components of magnetization.  Remanence directions are recorded as 
vectors where the magnitude of a vector is the strength of the magnetic signal. Multiple 
remanence directions recorded within a specimen are measured as a vector sum.  Orthogonal 
vector projections plot vector endpoints as the specimen is progressively demagnetized.  If 
each remanence direction is demagnetized separately, orthogonal vector projections allow the 
resolution of individual components of magnetization, and demagnetization paths for each 
component will be linear.  The last removed, highest stability, component then, should decay 
with a path in a straight line toward the origin as the remanence direction is demagnetized.  
Alternatively, the simultaneous but not equal removal of two remanence directions will result 
in curvilinear demagnetization paths in orthogonal vector projections. 
 Visually determined linear and planar components of magnetization were estimated 
using principal component analysis (PCA) (Kirchvink, 1980).  One or two components were 
fit for each measured specimen, reflecting the resolution of two distinct remanence directions 
recorded in some specimens.  Because only two components were identified, components 
that decay toward the origin are termed second-removed component.  Other components are 
termed the first-removed components.  PCA estimates remanence directions by calculating 
the least-squares fits of lines or planes to the vector end points of selected component of 
magnetization.  PCA determined free and anchored line fits were calculated for all sites.  The 
maximum angular deviation (MAD) of a line or plane within the variance of the selected 
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component is used to assess the coplainarity or colinearity of the data (Kirchvink, 1980).  
MAD values are used as data quality criterion, with smaller MAD values reflecting more 
coplanar or collinear data (Kirchvink, 1980).   
 Sampling and measurement error, paleosecular variation of the geomagnetic field, 
and variation of fidelity of the recorded signal commonly necessitate the calculation of mean 
directions from distributions of remanence directions.  In this study, specimen directions are 
averaged into site-mean directions to correct for “noise,” the site-mean directions are 
combined to provide directions that average out paleosecular variation of the geomagnetic 
field.  The differences between the expected direction and the paleosecular-averaged 
directions are used to measure rotation of the FCVB.  To calculate site-mean directions, 
PCA-estimated components were plotted on equal area projections and Fisher (1953) 
statistics were calculated by Super-IAPD 99 software.  Fisher (1953) statistics calculate 
dispersion on a sphere using the intersection of a three dimensional Gaussian distribution 
with a sphere as the modeled distribution.  The mean directions calculated using Fisher 
(1953) statistics are interpreted as representative remanence directions, and the angle α95 (the 
95% confidence interval) and k (the clustering parameter) are used as data quality criteria 
(Fisher, 1953).  Bootstrap statistics were used to calculate all other mean directions.  
Bootstrap statistics randomly sub-sample a distribution numerous times, calculating the mean 
value of each randomly drawn distribution.  Confidence intervals of the mean value of the 
starting distribution are then estimated from the distribution of bootstrap mean values.  
Bootstrap statistics adequately estimate Fisherian distributions and are preferable when data 
may not be Fisher distributed.  However, bootstrap statistics require large data sets unless a 
parametric distribution is assumed. 
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3.2.2 Basin Structure 
 The FCVB is a westward-plunging-syncline (Fig. 3).  Poles to bedding were used to 
calculate the trend and plunge of the fold hinge.  Bootstrap statistics were used to calculate 
the mean bedding pole of the 2007, 2009N, Diablo, Tapiado, CSN, and CSN-Side composite 
sections (as defined in the magnetostratigraphy results and Table 1; Fig. 5).  The plunge of 
the hinge line was calculated from bedding of the fold limbs using standard structure geology 
techniques (Fig. 5f). 
 
3.2.3 Paleomagnetic Fold Test 
 A paleomagnetic fold test compares the clustering of site-mean directions as bedding 
is corrected from geographic to stratigraphic coordinates and is used to assess the timing of 
magnetization with respect to deformation.  A Tauxe and Watson (1994) fold test evaluates 
the clustering of upward and downward inclination remanence directions together and uses 
bootstrap statistics to provide a 95% confidence interval of maximum clustering. 
 
3.2.4 Elongation-Inclination Analysis 
 The elongation-inclination analysis of Tauxe (2005) is commonly performed on 
distributions of remanence directions recorded by sediments or sedimentary rocks.  The 
closer to the equator the rocks that record the geomagnetic field are, the more N-S elongated 
the distribution will become (Tauxe, 2005).  Compaction of sediments can additionally 
elongate the distribution, and elongated distributions may result in incorrect calculation of 
mean inclinations (Tauxe, 2005).   Elongation-Inclination analysis calculates a 95% 
confidence interval for an elongation-corrected mean inclination. 
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3.2.5 Reversal Test 
In this study, the reversal test is used to assess variation in rotation of the FCVB with 
age.  The geocentric axial dipole model of the Earth’s magnetic field has antipodal time-
averaged normal and reverse polarity magnetic poles, so uniformly rotated rocks should 
record antipodal normal and reverse-polarity site-mean distributions.  The reversal test for 
antipodal paleomagnetic directions analyzes whether two modes of remanence directions, a 
normal polarity one and an inverted reverse polarity one, could be drawn from a common 
distribution.  For the method used in this study, each direction is converted to Cartesian 
coordinates and a cumulative frequency distribution is generated for each component using 
bootstrap statistics (Tauxe, 1991).  The cumulative frequency distributions in this analysis 
plot the frequency of the Cartesian coordinate’s values as the sum of all the values lower than 
it.  This allows the determination of the coordinate values at 5% and 95% (the 95% 
confidence interval).  The two modes cannot be distinguished from each other at the 95% 
confidence level if the 95% confidence levels of the cumulative frequency distributions of 
each mode overlap in all three components (Tauxe, 1991). 
 
3.2.6 Basin Sub-rotation 
 Remanence directions were used to analyze rotation of the FCVB.  A mean 
remanence direction was calculated for each sampled section using second-removed 
component site-mean directions. The section-mean directions of negative inclination sites 
were inverted and the mean section directions were compared in stratigraphic coordinates on 
equal area projections.  Site-mean declinations were also plotted by depth.  Analysis of 
rotation with depth is used to evaluate rotation with age.  Additionally, section-mean 
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directions were calculated from site-mean-first-removed components and the directions were 
compared.  The first-removed components are interpreted as modern field overprints 
acquired in situ (see interpretations).  Because the sections are dispersed across the FCVB, 
comparison of the average directions is used to assess geographic variation of modern 
rotation of the FCVB.   
 
3.3 Magnetostratigraphy 
 The method of polarity determination for each site depends on the fidelity and trend 
of demagnetization data.  Sites where the majority of specimens demagnetize with a second-
removed component of magnetization that decays linearly to the origin are categorized Class 
1 (Fig. 6a).  Polarity is interpreted from the inclination of the second-removed components 
for Class 1 sites, where positive inclination is normal polarity and negative inclination is 
reverse polarity.  Sites where specimens catastrophically failed during heating but show a 
clear polarity based on the inclination of the second-removed components are labeled Class 2 
(Fig. 6b).  Sites where the majority of specimens demagnetize with a well-defined first-
removed component and vector endpoints of a second-removed component that cluster near 
the origin are categorized Class 3 (Fig. 6c).  Polarity is assigned to Class 3 sites using 
demagnetization trends and equal area projections to infer the inclination of the second-
removed component.  Sites where the second-removed component decays in a curvilinear 
path and/or variation in the measurements prevent component estimation are classified as 
Class 4 sites and polarity is assigned to these sites by using demagnetization trends and equal 
area projections to infer the inclination of the second-removed component (Fig. 6d).  
 Sites are classified for application of methods of polarity determination, but the 
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characteristic demagnetization behavior within classes may reflect similarities in 
ferromagnetic s.l. (sensu latu) minerals that affect the fidelity of the remanence direction.  In 
the rock magnetism results and interpretation in this text, these classes are used to distinguish 
the characteristic demagnetization behaviors of each.  Although polarity will be assigned 
during interpretation, reference to remanence directions may include “normal” or “reverse” 
polarity for simplicity and imply the above method of determination.   
 
3.4 Rock Magnetism 
 Rock magnetic analysis is used to determine the ferromagnetic s.l. carriers of 
remanence, which is a criterion of reliable magnetostratigraphic studies (McElhinny and 
McFadden, 2000; Opdyke and Channell, 1996).  Additionally, rock magnetic properties are 
used to assess the consistency of detrital remanent magnetization (DRM) as the model of 
remanence acquisition, and interpret anomalous paleomagnetic and magnetostratigraphic 
data. 
 
3.4.1 Magnetic Susceptibility 
Magnetic susceptibility reflects the mineralogical make-up of rocks, and is used in 
this study to assess mineralogical differences between specimens and lithological formations.  
The bulk magnetic susceptibility and the anisotropy of magnetic susceptibility (AMS) of 
approximately 1400 specimens from 2009, 2010, and 2011 were measured using a KLY-3 
Kappabridge susceptometer.  AMS tensors were calculated by the Kappabridge software 
SUSAR.  The program bootams.exe from Tauxe (1998) calculated the directions and 
confidence ellipses of AMS axes using a parametric bootstrap calculation and site standard 
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deviations following Constable and Tauxe (1990).  Additionally, the bulk magnetic 
susceptibility of six specimens was measured using a Bartington MS-2 dual frequency 
magnetic susceptibility meter during stepwise thermal demagnetization of the specimens. 
 
3.4.2 Magnetic Hysteresis and Isothermal Remanent Magnetization (IRM) 
Hysteresis is the dependence of a specimen’s magnetic moment on the specimen’s 
previous magnetic moment and is measured as the specimen is subjected to varying magnetic 
fields.  The magnetic domain state and ferromagnetic s.l. mineralogy affect the magnetic 
hysteresis (hysteresis) of a specimen.  Hysteresis, direct current demagnetization (DCD), and 
isothermal remanent magnetization (IRM) acquisition were measured using a Princeton 
Series 3900 Vibrating Sample Magnetometer.   
Hysteresis was measured in two stages for one specimen from each site and hysteresis 
parameters were determined by the VSM Micromag software.  Each specimen was measured 
using a 1.5 T maximum field, 400 ms averaging time, and 20 mT steps followed by a 
measurement using 300 mT maximum field, 400 ms averaging time, and 2 mT steps.  
Saturation was assumed at 80% of the 1.5 T measurements and the automatic slope 
correction of the 1.5 T hysteresis curves was then applied to the 300 mT hysteresis curves.  
The 300 mT hysteresis curve was then corrected for horizontal and vertical asymmetry, the 
vertical asymmetry being corrected using the “of entire hysteresis loop” setting.  After a 1.5 
T IRM was applied to specimens, DCD was applied until the coercivity of remanence (Hcr) 
could be determined.  Hysteresis yields the saturation magnetization (Ms), the remanence of 
saturation (Mrs), and the magnetic coercivity (Hc) of a specimen.   
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Hysteresis parameters for each specimen were taken from the corrected 300 mT 
curves and plotted as ratios in Day et al. (1977) plots after Dunlop et al. (2002).  Day et al. 
(1997) determined that Hcr/ Hc and Mrs/ Ms for multidomain, pseudo-single domain, and 
single domain magnetite plot in distinct regions on a logarithmic plot.  Dunlop et al. (2002) 
developed trends on the Day (1977) plot for mixtures of magnetite with different domain 
states.  The location and trends of hysteresis parameter on such Day plots are used to assess 
the domain state of magnetite.   
IRM acquisition curves are generated by measuring the remanence of a specimen in 
steps after increasingly strong magnetic fields are applied to it, then removed.  Specimens 
were magnetized in 50 steps geometrically increasing from 0.1 mT to 1.5 T and 
measurements were made with 2.5 s averaging times.  The acquisition of IRM depends on 
the amounts and coercivities of ferromagnetic s.l. minerals within a specimen, and is also 
used to gain insights into the ferromagnetic s.l. mineralogy of the specimens. 
 
3.4.3 Lowrie Method 
 The Lowrie (1990) method is used to subdivide the remanence carrying minerals 
within a specimen by coercivity, and then combine thermal unblocking temperatures (Tub) 
with coercivity to interpret ferromagnetic s.l. mineralogy.  Following Lowrie (1990), IRMs 
and anhysteretic remanent magnetizations (ARM) were applied to specimens in three 
orthogonal directions using an ASC Scientific Model IM-10-30 impulse magnetizer and a D-
Tech D-2000 AF demagnetizer.  A 2.5 T IRM, 300 mT IRM, and 0.05 mT ARM (at 
coercivities ≤100 mT) were applied to the z, x, and y-axis correspondingly of 18 specimens.  
For simplicity, this magnetization scheme is referred to here as an L1 magnetization scheme.  
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An ARM was applied to minerals with coercivities <100 mT because a 100mT IRM was too 
strong to be measured with the 2-G 755 DC-SQUID magnetometer.  The fragility of the 
specimens prevented measurement with a spinner magnetometer.  The application of a strong 
magnetic field magnetizes all of the minerals with coercivities less than the field strength in 
the field direction, along one axis.  The middle strength magnetic field magnetizes all of the 
minerals with coercivities less than the middle field strength in another direction, preserving 
the direction of the magnetizations recorded by minerals with higher coercivities.  The weak 
magnetic field correspondingly magnetizes minerals in a third direction, preserving the 
stronger coercivities’ remanence directions.   
 After being magnetized, the specimens underwent stepwise thermal demagnetization 
at 25, 60, 80, 140, 200, 230, 260, 300, 330, 360, 420, 480, 520, 550, 580, 600, 620, 640, 660, 
and 680°C.  The coercivity spectrum and Tub are combined to constrain likely remanence 
carriers.  Additionally, a 200 mT ARM, 120 mT ARM, and 60 mT ARM were applied along 
the z, x, and y-axis correspondingly of six specimens and were thermally demagnetized and 
measured at steps of 25, 80, 120, 200, 250, 300, 330, 360, 440, 520, 560, and 600°C.  For 





 Remanence directions estimated by PCA from anchored line fits with maximum 
angular deviation (MAD) values less than 6° are used in site-mean direction calculations 
(MAD values as high as 15° are acceptable in many paleomagnetic studies).  Justification for 
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the use of anchored line fits is detailed in the Appendix.  Stepwise demagnetization reveals 
well-defined second-removed components in specimens from 121 sites (Fig. 6a).  Eleven 
specimens were excluded from site-mean direction calculations (see Appendix).  Tub of first-
removed components at these sites ranges 80-280°C and Tub of the second-removed 
components are 280-680°C.  During AF demagnetization, the second-removed component 
unblocks from 5-200 mT and the first-removed component unblocks from 2.5-20 mT.  For 
site-mean directions calculated from fewer than five specimens, k-values are a better 
criterion for exclusion than α95 because α95 becomes artificially large when calculated from 
fewer than five specimens.  Only data from sites with k>100 if N<5 or α95<10° if N≥5 are 
included in rotational analysis of the basin (many paleomagnetic studies accept mean 
directions with α95<15°).   
Site-mean directions of second-removed components cluster in two regions on equal 
area projections (Fig. 7a).  Site-mean directions from second-removed components are 
termed normal or reverse-polarity directions, and the directions are rounded to the nearest 
degree.  The mean in situ normal-polarity direction is D=32°, I=-35°, α95=4°, N=34, k=38.  
The mean in situ reverse-polarity direction is D=206°, I=-29°, α95=4°, N=33, k=35.  Site-
mean directions of first-removed components plot in one cluster on an equal area projection 
(Fig. 7c).  The mean in situ first-removed-component direction is D=7°, I=56°, α95=1°, 
N=93, k=109.  Table 2 contains the in situ mean directions and Fisher (1953) statistics of 
sites used in this study.  Rotational analysis requires correcting site-mean remanence 
directions to structurally undeformed orientations. 
 
4.1.2 Basin Structure 
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Because the FCVB is a plunging syncline, the site-mean directions need to be 
corrected for plunge of the fold and tilting of the beds.  Two models of deformation of the 
FCVB were used to convert the site-mean direction from geographic to stratigraphic 
coordinates.  Because the southern fold limb is smaller, more tightly folded, and adjacent to 
the Elsinore fault (Fig. 2), the first model (Limb) represents tilting of the basin along the 
northern fold limb bedding, and then folding of the southern limb.  Correspondingly, the site-
mean directions were rotated 25° around and azimuth of 329° (the 2009N section-mean strike 
and dip) and then unfolded (Fig. 8a).  The second model (Hinge) represents the plunging and 
folding of the FCVB along the direction of the hinge line.  Correspondingly, the site-mean 
directions were unplunged along the strike and dip 184º, 21° and then unfolded (Fig. 8b).  
Normal and reverse-polarity directions are provided for Limb and Hinge-corrections in Table 
3. 
 
4.1.3 Paleomagnetic Fold Test 
The fold test was performed on normal and reverse-polarity directions along the 
Hinge correction, and the test calculates a 95% confidence interval for maximum clustering 
of 49 to 87% unfolding (Fig. 9b).  The normal-polarity distribution clustering is improved 
from 0% (α95=4°, k=38) to 80% (α95=4°, k=50) unfolding.  The reverse-polarity distribution 
clustering is improved from 0% (α95=3°, k=34) to 80% (α95=3°, k=74) unfolding.  At 100% 
unfolding, the normal-polarity distribution clustering is α95=4°, k=43 and the reverse-polarity 
distribution clustering is α95=3°, k=75.  Unfolding the normal and reverse polarity directions 
separately, yields 95% confidence intervals for maximum clustering of 45 to 104% and 17 to 
77% unfolding for reverse and normal-polarity directions correspondingly.   
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Interpretation of the fold test is discussed here because it affects the treatment of 
further results.  The statistical basis for a fold test of data from this study is interpreted as 
suspect.  Ideally for a fold test, the scatter within fold limbs is consistent with both limbs 
being drawn from a common initial distribution (McFadden and Jones, 1981). Data from this 
study do not meet that statistical requirement.  Additionally, the fold test in this study 
compares the clustering of 62 directions on one fold limb with four directions on another, 
where one fold limb contains 31 negative and 31 positive-inclination directions and the other 
fold limb contains one negative and three positive-inclination directions.  The geologic 
relevance of the fold test is also interpreted as questionable because the fold limb with four 
directions has the three positive-inclination directions with α95=28.7, k=20 and bedding 
evidence of distributed deformation (Fig. 5d).  Finally, the clustering at 80% unfolding is 
interpreted to be statistically indistinguishable from clustering at 100% unfolding because k-
values only improve from 43 to 50.  Ultimately, because the statistical and geological bases 
for the test are interpreted to be questionable, because the statistical improvement at 
maximum clustering is interpreted as insignificant, and because deformation of the FCVB is 
attributed to post depositional uplift of the basin (Johnson et al., 1983; Magistrale and 
Rockwell, 1996), the remanence directions are reported and interpreted at 100% unfolding. 
 Observations of normal and reverse-polarity directions are made in stratigraphic 
coordinates.  Site-mean directions from the southern fold limb appear streaked out and 
slightly unaligned from the northern fold limb on equal area projections (Fig. 10b).  Site 
09Po13 is interpreted as spurious and is excluded from further calculations (see appendix).  
Sites 10QPh86 and 10Pt66 have shallower inclinations than the majority of normal-polarity 
directions, but are included in further calculations (Fig. 10b).  The mean normal-polarity 
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direction is D=14°, I=50°, α95=4°, N=34, k=42 for the Limb correction and D=18°, I=50°, 
α95=4°, N=34, k=42 for Hinge correction (Fig. 11).  The mean reverse-polarity direction is 
D=194°, I=-46°, α95=3°, N=32, k=77 for the Limb correction and D=197°, I=-46°, α95=3°, 
N=32, k=77 for Hinge correction (Fig. 11).  The modern expected direction for the FCVB is 
D=0º, I=52º and the 5 Ma expected direction for the FCVB is D=356º, I=53º (Besse and 
Courtillot, 2002).  Vertical axis rotation of the FCVB is calculated by comparing the 
combined of normal and reverse-polarity directions to the declination of the expected 
direction. 
 
4.1.4 Elongation-Inclination Analysis 
 Elongation-inclination analysis was performed on the normal and reverse-polarity 
directions.  Reverse-polarity directions were transformed to their antipode and combined 
with normal-polarity directions for analysis.  Combining the distributions imparts artificial 
elongation because the two distributions do not overlap exactly.  Elongation-inclination 
analysis yields a corrected inclination of 49.1° with a 95% confidence interval of 46° to 53° 
(Fig. 12).  The bootstrap calculated normal and reverse-polarity inclinations (I=50°, I=-46°) 
fall within the elongation-corrected range.  
 
4.1.5 Reversal Test and Sub-rotation 
 The normal and reverse-polarity sites pass a reversal test because the 95% confidence 
bounds for the normal and reverse-polarity directions’ cumulative frequency distributions 
overlap for all three components overlap (Fig. 13).  The section-mean directions used in 
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analysis of sub-rotation of the FCVB are shown in Figure 14, and site-mean declinations are 
plotted by age in Figure 15. 
 
4.2 Magnetostratigraphy 
 Polarity was assigned to 201 sites.  Table 4 contains site locations, polarity, and data 
Class.  Sampled sections are combined into five composite sections (Table 1).  The Diablo 
composite section is composed of Arroyo Diablo (2010) section at its base, the Arroyo 
Diablo (2011) section 7.8 m above Arroyo Diablo (2010), the Diablo slot canyon section 
70.6 m above Arroyo Diablo (2010), and the Little Devil wash section, which overlaps with 
the top of the Diablo slot canyon by 78.6 m.  The Diablo composite section spans 536.2 m of 
section and contains 58 sites (Fig. 16). 
 The Tapiado composite section contains Arroyo Tapiado (2011) section at its base, 
Arroyo Tapiado (2010) section 39 m above Arroyo Tapiado (2011), and White wash section 
36 m above Arroyo Tapiado (2010).  The Tapiado composite section spans 705.6 m and 
contains 55 sites (Fig. 16); it has a 2.65±0.05 Ma ash bed 2 m below site 10QPh25.  The 
Diablo and Tapiado composite sections correlate along the base of the Tapiado Formation at 
sites 10Pt69 and 11Pt16 (Fig. 16). 
 The CSN-Side composite section spans 292.1 m of section in 22 sites and is 
composed of Walk-In wash (2009) section 7.1 m above Walk-In wash (2011) section 
(Fig.16).  The CSN composite section is composed of the CSN (2009) section 14.1 m above 
the CSN (2011) section and spans 653.1 m in 49 sites (Fig. 16).  CSN is correlated to CSN-
Side from bedding between sites 09QPh46 and 09QPh45 to bedding between sites 09Pd51 
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and 09Pd52 (Fig. 16).  The 2009N composite section is a single continuous sampled section 
and spans 284 m with 17 sites (Fig. 16).   
 
4.3 Rock Magnetism 
4.3.1 Remanence 
 Because ferromagnetic s.l. minerals have known ranges of coercivity and unblocking 
temperatures (Tub), the coercivity and unblocking temperature ranges of demagnetization 
trends of components in orthogonal vector projections can be used to infer or constrain the 
carriers of the natural remanent magnetization.  Although individual demagnetization data 
vary from site to site, sites with high fidelity demagnetization data have general lithological 
similarities.   
The Hueso, Olla and Tapiado formations contain sites with lithologies that 
demagnetize with first-removed component Tub from 25°C to approximately 280°C and first-
removed component maximum coercivities between 15 mT and 20 mT (Fig. 17).  The 
second-removed components of these sites decay linearly toward the origin and have 
maximum Tub ≥580°C (Fig. 17a).  In some sites, the first-removed component transitions to 
the second-removed component with a sharp angle in thermal demagnetization projections 
and a curvilinear path in AF demagnetization projections (Fig. 17), which is indicative of 
elevated temperatures contributing to the acquisition of the first-removed component. 
 Sites from the Arroyo Diablo Formation with normal-polarity directions typically 
demagnetize with Class 1 or 4 data.  First-removed components of these sites have maximum 
Tub of approximately 360°C and maximum coercivities less than 40 mT (Fig. 18).  Second-
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removed components of these sites have relatively small intensities and maximum Tub 
>580°C.  
 Class 3 data are exclusive to the Arroyo Diablo Formation, and do not conform with 
theoretical demagnetization of detrital remanent magnetizations.  Observations of these sites 
with Class 3 data are used to interpret ferromagnetic s.l. mineralogy and assess the reliability 
of specimens’ remanence directions.  Nine of thirteen sites with reverse-polarity directions 
have Class 3 data.  Sites 10Pd56 and 11Pd06 are Class 4 reversed polarity sites in 
stratigraphic sequence with Class 3 sites.  Site 10Pd56 has a larger bulk magnetic 
susceptibility and IRM intensity than the surrounding sites.  Site 11Pd06 is a buff colored 
mudstone and the sites around it are tan colored sandstones.  Orthogonal vector projections 
of these sites have similar appearance to Class 3 sites, but have better resolved second-
removed components (Fig. 19).  Specimens from site 10Pd56 have Class 4 data with first-
removed components that have Tub of 25°C to approximately 360°C and maximum 
coercivities of 60-80 mT (Fig. 20).  The second-removed components of specimens from 
10Pd56 have Tub of 360-580°C and unblocking coercivities that begin at 120 mT (Fig. 20).  
In site 10Pd56, the coercivity ranges of the first and the second-removed components are 
farther apart than the unblocking temperature ranges (Fig. 20).   
 
4.3.2 Lowrie Method 
 The temperature range of the remanence loss of the weak, middle, and strong 
coercivity fractions are used to infer unblocking (Tub) of the each fraction.   For L1 data, 22 
of 24 specimens increase the rate of remanence loss in the middle fraction toward 
approximately 330°C (Figs. 21a & b).  In the middle fraction of at least 16 specimens, the 
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rate of remanence loss increases toward 600°C with an inflection in the slope of the plot at 
600°C (Figs. 21a & b).  In the strong fraction, all specimens retain remanence up to 660°C 
and increase the rate of remanence loss after approximately 580°C (Fig. 21).  Additionally, 
six specimens increase the rate of remanence loss in the strong fraction toward approximately 
330°C (Fig. 21b).  Measurements of the weak fraction have the weakest remanence and most 
variation within specimens between demagnetization steps (Figs. 21a & b).  Specimen 
10Pt34-3 has a unique Lowrie (1990) plot among the measured specimens, with remanence 
loss at <200°C in all fractions and an overall concave trend to the data (Fig. 21c). 
 In the L2 measurements, the amount of remanence recorded by the middle and strong 
fractions varies, but the remanence recorded in the weak fraction is greater than the 
remanence of the middle and strong fractions combined (Fig. 21d).  All specimens record 
some remanence at >580°C, and four of the specimens increase the rate of remanence loss 
toward approximately 330°C (Fig. 21d). 
 Specimen 10Pd44-5a was measured twice using an L1 scheme.  The remanence of all 
three fractions increased in 10Pd44 with heating (Fig. 22).  Additionally, the strong fraction 
of the post-heated measurement developed an increase in the rate of remanence loss toward 
approximately 330°C and this trend became more pronounced in the middle fraction (Fig. 
22). 
 
4.3.3 Magnetic susceptibility 
 Bulk magnetic susceptibility data vary by lithology.  The Arroyo Diablo Formation 
has a larger range and higher values of bulk magnetic susceptibility than the Ollo, Tapiado, 
and Hueso formations, and the Olla Formation has more high-bulk-magnetic susceptibility 
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values than the Hueso and Tapiado formations (Fig. 23).  Changes in bulk magnetic 
susceptibility with heating also vary by lithology.  The bulk magnetic susceptibility of 
specimens 10QPh26 and 10QPh64 begins increasing at approximately 250°C and peaks at 
520°C (Fig. 24).  The bulk magnetic susceptibility of specimens 11Pd2, 11Pd5, 11Pd11, and 
11Pd12 decreases from 250-600°C and increases the rate of bulk magnetic susceptibility loss 
at 520°C (Fig. 24). 
 
4.3.4 Hysteresis and IRM acquisition 
Typical hysteresis loops are shown in Figure 25.  On Day et al. (1977) plots after 
Dunlop et al (2002), sites plot trend parallel to but offset from the single-domain (SD) 
multidomain (MD) mixing line, with individual lithologies plotting in overlapping subsets 
(Figs. 26 & 27).  Hysteresis parameters for the majority of sites plot in the pseudo-single-
domain (PSD) region of a Day (1977) plot (Fig. 26).  Site 09Pt67 plots near 100% SD 
composition and has a hysteresis loop shape unique to the specimens measured in this study 
(Fig. 26).  Hysteresis parameters for 179 sites from 2009-2011 are listed in Table 5.   
 IRM acquisition of 28 specimens was measured and typical results are show in Figure 
28.  In some measurements, small remanences in zero-field offset the curve vertically from 
the origin (Fig. 28d).  Remanences are 90% saturated at field strengths ranging from 
approximately 150 to 600 mT (Fig. 28).  Most specimens continue to acquire IRMs at field 
strengths up to 1.0 T.   
 
5 INTERPRETATIONS 
5.1 Magnetic Mineralogy 
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 Data from demagnetization, Lowrie (1990) plots, IRM acquisition, and hysteresis are 
combined to interpret the ferromagnetic s.l. mineralogy of specimens.  Additionally, natural 
remanence carriers are interpreted when possible.   
Typically an important remanence carrier in rocks, magnetite is interpreted to be 
present in most specimens in this study. Magnetite has a Curie temperature of 580°C (Dunlop 
and Özdemir, 1997) and a maximum coercivity of 0.3 T (Dunlop and Özdemir, 1997).  The 
loss of remanence in the middle fraction of L1 magnetizations toward 580°C is attributed to 
magnetite (Fig. 21).  Hysteresis paths and resulting plot-shapes depend on the mineralogy, 
grain size, and mineral concentration of specimens (Tauxe et al., 1996).  The positive high 
field slopes of the hysteresis measurements (Fig. 25) are attributed to paramagnetic minerals 
within the specimens, and the majority of slope-corrected hysteresis loops in this study (Fig. 
25) are interpreted to be visually consistent with hysteresis loops of mixtures of SD and MD 
magnetite from Day, (1977) and Tauxe et al. (1996).  Because the data trend parallel to the 
SD-MD mixing line of Dunlop (2002), the hysteresis parameters are interpreted to be derived 
from mixtures of SD and MD magnetite (Fig. 26).  The larger range of Hcr/Hc and Mrs/Ms in 
the Olla and Hueso formations is interpreted to result from larger inferred variability in the 
sediment source of the Olla and Hueso formations than the sediment source of the Diablo and 
Tapiado formations (Fig. 27).  Mixtures of SD, MD, and superparamagnetic (SP) magnetite 
may plot in the PSD region of a Day (1977) plot (Tauxe, 1996). The offset from the SD-MD 
line may represent a largely uniform SP magnetite contribution to the basin.  Alternatively, 
the offset may result from the presence of high coercivity ferromagnetic s.l. minerals because 




Hematite is inferred to be present in many specimens in this study.  Hematite has a 
maximum magnetic coercivity >5 T (Banerjee, 1971) and a Néel temperature of 675°C 
(O’Reilly, 1984).  Because hematite is the only ferromagnetic s.l. mineral with high 
coercivity and Tub, the strong fraction of L1 magnetization is interpreted to be carried by 
hematite (Fig. 21a & b).  Additionally, specimens with first-removed component maximum 
Tub >580°C are interpreted to have hematite as a natural remanence carrier (Fig. 6a).  The 
high coercivity mineral interpreted from IRM acquisition curves of unheated specimens is 
accordingly interpreted as hematite (Fig. 28).  Because hematite is interpreted to be in 
specimens throughout the sampled sections, hematite is inferred to be ubiquitous throughout 
the study area.  Greigite is interpreted to be present in one specimen in this study (see 
Appendix). 
Specimen 10QPh34-3 was coarse grained, friable, and had mottled red and tan 
coloring and has a unique Lowrie plot.  The drop in remanence on the Lowrie plot of 
10QPh34 at <200°C is interpreted to result from either low Tub hematite or goethite in the 
specimen (Fig. 21); Goethite has a maximum coercivity of >5 T (Dunlop and Özdemir, 1997) 
and a Néel temperature of 125°C (O’Reilly, 1984). 
 It is difficult to assign a specific mineralogy to the loss of remanence toward 
approximately 330°C.  Magnetite and maghemite are excluded from consideration because 
they both have maximum coercivities of 0.3 T (Dunlop and Özdemir, 1997) and the 
remanence loss toward approximately 330°C was measured in the strong fraction of L1 
magnetizations (Fig. 21).  Pyrrhotite is excluded because pyrrhotite irreversibly alters to 
magnetite at 500°C (Dunlop and Özdemir, 1997) and the remanence loss toward 
approximately 330°C persists after heating to 680°C.  The amplification of the signal in 
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10Pd44 after heating is attributed to the formation of more of the mineral during heating, 
which must be reconciled with the observation that specimens from the Arroyo Diablo 
Formation loose bulk magnetic susceptibility during heating.  Hematite is interpreted to be 
present in the specimens, is formed by the oxidation of magnetite during heating, and 
hematite has a lower magnetic susceptibility than magnetite (Tarling and Hrouda, 1993).  
However, the loss of remanence toward approximately 330°C is present at coercivities 
ranging from <0.06 T to >0.3 T, and although grain size and composition can affect 
unblocking temperatures and magnetic coercivities (Fig. 21), it is unclear if hematite that 
unblocks approximately 300-360°C can have coercivities 0.06 through 0.3T. 
 
5.2 Remanence Acquisition 
 It is important in this study to address the orthogonal vector plots of Class 3 data, by 
evaluating the method of remanence acquisition of the class.  Class 1 data of the Hueso, Olla, 
and Tapiado formations are used as ideal remanences to compare to the remanence of Class 3 
data.  As described above, the high Tub of some second-removed component data from the 
Hueso, Olla, and Tapiado formations are attributed to hematite.  High Tub hematite typically 
unblocks over a small temperature range (Dunlop and Özdemir, 1997), and so the lower Tub 
of second-removed components are attributed to magnetite.  Most rocks older than 
approximately 1 Ma record a low temperature, low coercivity viscous remanent 
magnetization (VRM) of the modern geomagnetic field (Dunlop and Özdemir, 1997).  
Because of the small α95 and large k-value of first-removed-component directions (Fig. 14c), 
because the first-removed component unblocks at low temperatures and coercivities (Fig. 
17), and because, in situ, the mean first-removed-component direction is 6° from the modern 
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geomagnetic field direction for the FCVB of D=0°, I=52°, the first-removed components of 
the Hueso, Olla, and Tapiado formations are interpreted as a viscous overprint of the modern 
geomagnetic field.  Thermal demagnetization resolves distinct components, but components 
overlap in AF demagnetization.  Based on orthogonal vector projections of specimens such 
as 10QPh06-3a (Fig. 17), the first-removed component is likely a partial thermoviscous 
remanent magnetization (pTVRM) and may be carried by multidomain magnetite, single 
domain magnetite, or hematite.  For Class 1 data of the Hueso, Olla, and Tapiado formations, 
the interpreted model of remanence acquisition is a DRM recorded by magnetite, a rapidly 
precipitated CRM or DRM recorded by hematite, and a VRM of the modern geomagnetic 
field. 
As described earlier, hematite is interpreted to be present in the majority of specimens 
and the second-removed components of Class 3 data are recorded as a high coercivity, high 
Tub, and relatively weak component.  It is possible that the second-removed component is a 
chemical remanent magnetization (CRM) of hematite that was precipitated in a reverse 
polarity field on a normal polarity DRM.  If that is the case, then the polarity assignments of 
Class 3 data are incorrect. 
In the Arroyo Diablo Formation, interpretation of a model of remanence acquisition is 
difficult because the second-removed components are poorly resolved and in most cases 
cannot be used to determine a site-mean second-removed component direction.  For Class 3 
data the second-removed components, which unblock with high temperature and high 
coercivity, are likely being carried by hematite.  The high fidelity reverse polarity second-
removed component of Class 4 sites 10Pd56 and 11Pd06 also unblock with high 
temperatures and coercivities.  The variation of second-removed component magnitudes is 
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interpreted as reflecting variation of the ferromagnetic s.l. carriers of the second-removed 
component in the Arroyo Diablo Formation.  Any rock containing hematite may have a high 
coercivity VRM (Dunlop and Özdemir, 1997).  Additionally, hard VRMs recorded at room 
temperature over a time of 1 Ma are cleaned by heating to 360° C (Dunlop and Özdemir, 
1997).  Because the site-mean first-removed components of Class 3 data plot with the site-
mean first-removed components of the Hueso, Olla, and Tapiado formations (Fig. 14), 
because the specimens are interpreted to contain hematite, and because the first-removed 
components have higher coercivities and Tub (approximately 360° C) in Class 3 data than in 
the Class 1 data of the Hueso, Tapiado, and Olla formations, the first-removed components 
of Class 3 data are interpreted as a VRM carried by hematite.  Hematite inherited from the 
Colorado plateau could result in more ferromagnetic s.l. material and therefore higher bulk 
magnetic susceptibility of the Arroyo Diablo Formation and explain why the Arroyo Diablo 
Formation is the only formation to acquire a hard VRM.   
In addition to the differences in remanence between the Arroyo Diablo Formation and 
the Hueso, Olla, and Tapiado formations, magnetic susceptibility also differs.  The increase 
in bulk magnetic susceptibility during heating in specimens from the Hueso Formation is 
attributed to the alteration of clays and micas to magnetite (Dunlop and Özdemir, 1997).  The 
loss of bulk magnetic susceptibility in the specimens from the Arroyo Diablo Formation is 
attributed to the oxidation of magnetite to hematite and the lack of formation of magnetite 
(Dunlop and Özdemir, 1997). 
Any model of remanence acquisition for Class 3 data is speculative.  Although 
magnetite is interpreted to be present in these specimens, it is indiscernible in orthogonal 
vector projections.  Class 3 data may result from the acquisition of a hard VRM by inherited 
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hematite and the relative importance of hematite CRM in development of the second-
removed component.   
Spurious magnetic polarity chrons would produce spikes or dips in calculated 
sedimentation rates.  However, previous studies of the FCVB measured complete 
magnetostratigraphies and calculated smooth changes in sedimentation rate through time 
(Opdyke et al., 1977; Johnson et al., 1983; Dorsey et al., 2011).  Also, the polarity interval 
C3n was recorded by the Arroyo Diablo Formation in Dorsey et al. (2011) as Class 3 data.  
Using bedding orientation, fault offsets, stratigraphic relationships of sites to formation 
boundaries, and the previously measured magnetostratigraphies of the FCVB, estimations of 
the location of polarity boundaries were made prior to sampling.  The reverse polarity 
intervals recorded as Class 3 data in this study are measured in approximate expected 
locations and thicknesses.  Additionally, the higher magnetic susceptibility of site 10Pd56 
and grain size difference of site 11Pd06 with the sites around them are consistent with 
differences in ferromagnetic s.l. mineralogy with the surrounding sites. Because the revesre 
polarity intervals interpreted from Class 3 data are stratigraphically consistent with 
expectations, because Class 3 data are unique to the Arroyo Diablo Formation, and because 
the higher-fidelity reverse polarity sites10Pd56 and 11Pd06 are correlated to possible 
ferromagnetic s.l. differences with Class 3 sites, Class 3 data are interpreted to result from 
correct recording of reverse polarity fields by the Arroyo Diablo Formation. 
 
5.3 Magnetostratigraphy 
 The composite section magnetostratigraphy is correlated to the geomagnetic polarity 
time scale (GPTS) at the ash layer and polarity boundaries.  Sites 09QPh71, 11Pd2, and 
33 
 
11Pd12 are all single site polarity intervals (Fig. 16), but no excursions or events of the 
geomagnetic field are of the correct age to account for these polarity intervals.  Site 09QPh71 
has shallow inclination, curvilinear second-removed components, indicating the simultaneous 
removal of two remanence directions (Fig. 29)  Sites 09QPh70 & 72 have steep inclination, 
linear second-removed components (Fig. 30).  Orthogonal vector projections of sites 11Pd2 
and 11Pd12 have poorly resolved high temperature components, like other Class 3 data, but 
both have higher bulk magnetic susceptibility and IRM intensities than the sites surrounding 
them, indicating possible ferromagnetic s.l. differences between them and the surrounding 
sites (Fig. 31).  Polarity intervals defined by a single site with anomalous characteristics 
should be interpreted with caution (Tauxe et al., 2001).  Because the magnetic polarity, 
paleomagnetic, and rock magnetic characteristics differ from the sites around them, sites 
09QPh71, 11Pd2, and 11Pd12 are not used in correlation to the GPTS. 
 The Diablo and Tapiado sections correlate to the GPTS of Gradstein et al. (2004) at 
the 2.65±0.05 Ma ash bed and at the base of chron C2n, spanning chrons C2r.1r to C2An.2r 
(Fig. 32).  The preferred correlation to the GPTS produces smooth changes in sedimentation 
rate (Fig. 33).  Previous studies sampled complete magnetostratigraphies and found no spikes 
in sedimentation rate in the FCVB within the sampled sections (Dorsey et al., 2007, Johnson 
et al., 1983).  Because of the lack of spikes in sedimentation rate, the presented correlation is 
preferred. The resulting magnetostratigraphy spans the 2.13-2.15 Ma Reunion subchron 
(Channell, 2003), which was sampled in the northern FCVB but is not resolved in this study 
(Fig. 32; Dorsey, 2007; Dorsey, 2011).  Assuming a constant sedimentation rate for chrons 
C2r.2r and C2r.1r (Fig. 33), the 2.13-2.15 Ma Reunion subchron (Channel, 2003; Gradstein 
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et al., 2004) would only be recorded in approximately 13m of section, and is interpreted to 
have been missed during sampling. 
 The CSN and CSN-side sections do not have a point of known age to allow for a 
direct correlation to the GPTS, but are stratigraphically lower than the Diablo and Tapiado 
sections.  It’s likely that the polarity intervals of the CSN and CSN-side sections correlate to 
chrons C2An.3n and C2Ar of the GPTS (Fig. 32); However, this cannot be uniquely 
determined.  The 2009N section is correlated to the magnetostratigraphy of Dorsey et al. 
(2011) at chrons C2An.1n, C2An.1r, and C2An.2n, and the 2007 section is correlated to 
chrons C1r.2r, C2n, and C2r.1r (Fig. 32).  The magnetostratigraphy from the Diablo, 
Tapiado, 2007, and 2009N sections span chron C2An.3n to Chron C1r.2r. 
 
5.4 Paleomagnetism 
 Minor variations in the alignment of the normal and reverse-polarity directions are 
not interpreted to be significant.  Alignment of normal and reverse-polarity directions from 
the north and south fold limb is interpreted as sufficient, because although the south-limb 
directions are not clustered, the distributions overlap.  The discrepancy may result from a 
lack of data or distributed deformation in the southern limb as inferred from the streaking of 
bedding poles in equal area projections (Fig. 5d).  The shallow inclinations of sites 10Pt66 
and 10QPh86 may result from depositional or lithological processes or these sites may have 
recorded end-members of expected paleosecular variation of the geomagnetic field.   
Site-mean directions are used to assess vertical access rotation. Because the first-
removed component is interpreted as modern field overprint, the agreement of mean first-
removed-component directions of sampled sections is interpreted to be consistent with no 
35 
 
discernible geographic variation in vertical axis rotation of the FCVB during the Quaternary 
(Fig. 14).  Because of the positive reversal test, because there is no discernible difference in 
the mean second-removed-component directions of the sampled sections in Hinge-corrected 
coordinates (Fig. 14), and because there is interpreted to be no systematic difference in the 
site mean declinations with age, there is interpreted to be no discernible variation in vertical 
axis rotation with age within this section. 
Elongation of the site-mean distribution is not interpreted to significantly affect the 
calculated mean-polarity inclinations because the uncorrected inclinations fall within the 
95% confidence interval of the elongation-corrected inclination.   
The modern expected direction is calculated from the geocentric axial dipole model 
and is D=0º, I=52º for the FCVB.  As all plates move across the Earth, their orientation with 
respect to the time averaged magnetic pole changes, resulting in older expected directions 
being misaligned with the current expected direction.  Accordingly, a 5 Ma reference 
direction for the FCVB of D=356º, I=53º (Besse and Courtillot, 2002) is used in rotational 
analysis of the basin.  The inclination of both mean-polarity directions is shallower than the 
expected directions.  It is statistically more common to sample shallow paleomagnetic 
directions (Beck, 1997) and sediment compaction will flatten the DRM inclination.  The 
shallower directions do not affect the fidelity of the rotation analysis or polarity 
determination in this study.  The mean reverse-polarity direction is shallower than the mean 
normal-polarity direction (Fig. 11), but this is common in paleomagnetic studies because the 
modern field overprint will influence reverse-polarity directions shallower and normal-
polarity directions steeper.  Overall, the discrepancies between the calculated normal and 
reverse-polarity inclinations with the expected inclinations are not interpreted as significant.  
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Correlation of the sampled magnetostratigraphy to the GPTS of Gradstein et al. 
(2004) yields ages for the sampled rocks of ca. 1.78 Ma to 3.33 Ma (Fig. 32).  A mean age of 
2.75 Ma was calculated assigning ages to each site based on age-depth rates calculated for 
each polarity interval (Fig. 33).  Because the modern expected direction for the FCVB is 
D=0º, I=52º and the 5 Ma expected direction for the FCVB is D=356º, I=53º (Besse and 
Courtillot, 2002), the 2.5 Ma expected direction is assumed to be halfway between and is 
rounded to the nearest degree: D=358º, I=53º.   
Because normal and reverse-polarity directions are antipodal, normal-polarity and 
antipodal reverse-polarity directions are combined and used to measure vertical axis rotation 
of the FCVB.  The combined distributions calculate D=17°, I=48°, α95=2°, N=66, k=53 for 
Hinge-correction and D=14°, I=48°, α95=2°, N=66, k=53 for Limb-correction.  Following 
Demarest (1983) a direction with α95=2° at I=48° will have a 3° error in the amount of 
rotation calculated from the direction.  A declination of 17° with a 3° error requires 21±3° 
clockwise rotation of the FCVB from the 5 Ma declination of 356°.  The Limb-corrected 
normal-polarity declination of 14° with 3° of error requires 14±3° clockwise rotation of the 
FCVB from the modern geomagnetic declination of 0°.  Based on the age of measured 
section, rotation from the 2.5 Ma declination of 358° is inferred to be more representational 
of rotation of the FCVB.  The Hinge corrected normal-polarity direction of the FCVB 
requires 19±3° of clockwise rotation from the 358° direction.  The Limb-corrected normal-
polarity declination of the FCVB requires 16±3° of clockwise rotation from the 358° 
direction.   
The models of deformation used in this study calculate rotation about an axis 
perpendicular to bedding.  If rotation occurred before or during tilting, the rotation calculated 
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in this study would underestimate the real value.  However, because the maximum modeled 
tilting of the basin is 25°, the reported values would be 0.91 of the true values.  This 
discrepancy is interpreted as negligible.   
 
6 DISCUSSION 
 Rotation of the FCVB is assumed to be younger than 1.78 Ma and uniform 
throughout the thickness of the section.  Although the maximum known age of rocks sampled 
in this study is 1.78 Ma, rotation of the basin after 1.78 Ma supports the conclusion of 
Johnson et al. (1983) and Dorsey et al. (2012) that rotation is younger than 1.2 Ma.  
Depending on the model used, this study calculates 16±3° or 19±3° of clockwise rotation of 
the FCVB.  Johnson et al. (1983) calculated approximately 35° of clockwise rotation.  Data 
from this study are proposed to be more accurate because of the statistical filters used to 
insure reliable data, the use of PCA determined remanence directions, and the improved 
precision of normal and reverse-polarity directions (Fig. 34). 
 Non-zero declination of the first-removed components may reflect modern rotation of 
the FCVB.  First-removed components recorded as a pTVRM would likely be acquired over 
enough time to average out paleosecular variation (>100 kyr), and should then have a mean 
direction of D=0°.  The calculated declination of D=7° would then represent vertical axis 
rotation over that time period and would be consistent with the ongoing rotation of the 
FCVB.  However, the average first-removed component direction is between the time-
averaged and present expected direction (Fig. 35), so the non-zero declination may be a result 
of combined overprints. 
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 Rotation of the FCVB is attributed to slip along the Elsinore fault.  Although this 
study lacks remanence directions from units across the Elsinore fault contemporary to the 
FCVB, Johnson et al. (1983) attributed rotation of the FCVB to slip along the Elsinore fault.  
Additionally, age of rotation of the FCVB was used by Magistrale and Rockwell (1996) to 
infer the age of initiation of the Elsinore fault there, implying a relationship between slip 
along the Elsinore fault and rotation of the FCVB. 
 A simplified model is used to estimate the displacement along the Elsinore fault that 
would result in rotation of the FCVB.  The FCVB is modeled as a rigid block, rotating 
around its center.  A circle was fit to the FCVB around its center (Fig. 36), and the arc 
lengths corresponding to degrees of rotation were calculated.  The Hinge-corrected model 
calculates 2.9±0.3 km, which accumulated over approximately 1.2 Myr, results in 2.4±0.3 
mm/yr of slip along the Elsinore fault.  The Limb-corrected model calculates 2.5±0.3 km, 
which accumulated over approximately 1.2 Myr, results in 2.1±0.3 mm/yr of slip along the 
Elsinore fault. 
 Many unknown variables that are simplified in the model used to estimate 
displacement along the Elsinore fault affect the accuracy of these estimates.  Non-horizontal 
components of slip would result in the estimate of displacement from vertical axis rotation 
being less than the actual slip rate.  Also, reduced coupling of the FCVB across the fault 
could result in slip along Elsinore fault that didn’t cause rotation of the FCVB.  Additionally, 
non-rotational deformation of the FCVB, such as distributed deformation of the southern fold 
limb, would result in the estimated displacement rate being less than the actual slip rate.  
Conversely, pure shear of the FCVB may rotate the basin, in which case the displacement 
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estimate based on vertical axis rotation would be high.  Finally, it is possible that rotation of 
the FCVB is interseismic deformation unrelated to slip of the EF. 
 Although fault slip estimates from this study broadly agree with GPS modeled slip 
rates on the Elsinore fault, clockwise rates of rotation for the FCVB calculated at 16±3° to 
19±3° /Myr are interpreted as significantly higher than vertical axis rotational rates predicted 
by GPS-based studies  (Bos and Spackman, 2005; McCaffrey, 2005).  McCaffery (2005) 
modeled two millimeters per year of slip on the Elsinore fault near the FCVB but only 
approximately 0.5-0.75°/Ma clockwise rotation for the FCVB.  Bos and Spackman (2005) 
modeled either locked faults and 6-8°/Ma clockwise rotation or 2-8 mm/yr of fault creep and 
1-2°/Ma clockwise rotation for the FCVB.  The ability of geodetic based models to match 
geologic scale deformation can be dependent on the method of modeling (Chuang and 
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Free vs. Anchored Line Fits 
 PCA was used to estimate the remanence directions of specimens and free, anchored, 
and plane fits were calculated for the second-removed components.  To determine the most 
accurate estimate of the remanence direction, the anchored, free, and plane fits of each 
specimens and sites were compared.  Site-mean directions were calculated from free and 
anchored for each site.  Only specimens with free MAD values <15° and anchored MAD 
values < 6° were and used in site-mean direction calculations, and only specimens from sites 
with mean directions with k >100 if N≤ 4, and α95<10° if N>4, for anchored lines or k>80 if 
N≤ 4, and α95<12° if N>4 for free lines were evaluated.  Anchored site-mean directions have 
a mean α95 of 6.1° (range 0.7 to 11.4) and free site-mean directions have a mean α95 of 6.2° 
(range 2.8° to 12.0°).   
 Planes defined by pairs of free and anchored site-mean directions were calculated and 
poles to the planes were plotted on an equal area projection (Fig. 37a).  Poles were calculated 
using the “right-hand rule” in the direction of free to anchored site-mean directions.  Because 
the site-mean directions cluster, planes defined by the sites intersect in the cluster.  The 
distribution of poles to planes then, lies within a plane with a pole at the mean direction of 
intersection, and non-preferentially oriented planes would plot uniformly distributed along 
the plane.  A cluster of poles was identified in the SE quadrant of the equal area projection in 
both positive and negative inclination sites (Fig. 37b & c).  Twenty-four sites were selected 
for further analysis (Fig. 37d). 
 For each specimen of these 24 sites, poles to planes fit to second-removed 
components were plotted on an equal area projection (Fig. 38a).  Again, poles cluster in the 
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SE quadrant, but the poles only cluster in positive inclination sites (Fig. 38b & c).  Sites 
10QPh21, 11Pd19, and 11Pd21 have >50% of their specimens’ plane fits clustering in this 
group. 
 There may be a systematic bias between free and anchored line fits because 24 of 67 
sites have similar offset directions.  Small line fit MAD values are a result of linear 
demagnetization data.  Because the demagnetization data are linear, and because only 21 of 
24 “clustered” sites have no preferential alignment of specimen plane fits, the potential bias 
is interpreted not to result from a common bias in the remanence directions.  Because there is 
no apparent bias and because anchored line site-mean directions have a smaller α95-values 
resulting from better agreement of directions within sites, PCA determined anchored line fits 
are used in this study. 
 
Remanence Exclusion 
 For sites with potential mean remanence directions of statistical quality to be included 
in this study (see text), misorientation of specimen cores was evaluated.  Any specimen with 
a remanence direction more than two standard deviations from the mean of the other 
specimens within the site or any specimen that was labeled “loose but oriented” (lbo) in the 
field was evaluated for misorientation of the core.  Twenty-four specimens were analyzed by 
comparing k-values, demagnetization data, and alignment of AMS axis, as well as whether 
rotation about the z-axis of the core realigns the remanence.  Analysis excluded 12 specimens 
from the study.  Eleven specimens were excluded because of possible misorientation of the 
core and 1 additional specimen was excluded because it was determined that demagnetization 
resolved a spurious remanence direction.   
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 In Hinge-corrected coordinates, the site-mean direction of 09Po13 is visually 
discordant from the negative inclination sites on an equal area projection.  The negative 
inclination cluster (excluding 09Po13) has α95=2.9° and plots >42° from the site-mean 
direction of 09Po13 (Fig. 10b).  Additionally, the negative inclination cluster is non-
Fisherian with 09P013, and Fisherian without it.  Site 09Po13 is from Canyon Sin Nombre, 
and expanding the statistical filter of site-mean directions to N=(3, 4) k>40 for specimens 
with anchored MAD<9° allows sites 09Po32, 09Po34, and 09Po35 to be included for 
comparison of Canyon Sin Nombre site-mean directions.  Site 09Po13 is discordant from the 
other CSN sites, which plot near the negative inclination cluster (Fig. 10c).  Because site 
09Po13 plots >2 standard deviations away from the negative inclination cluster, is discordant 
from other sites in Canyon Sin Nombre, and because inclusion of 09Po13 causes an expected 
Fisherian distribution to become non Fisherian, site 09Po13 is interpreted as aberrant and is 
not included in subsequent results. 
 
Greigite analysis 
The hysteresis loop and Day (1977) plot of site 09Pt67 are unique within this data set 
and are consistent with measurements of greigite (Figs. 25 & 26; Roberts, 1995; Roberts et 
al., 2011).  Thermal demagnetization of site 09Pt67 unblocks >50% of remanence between 
240°C and 320°C and reduces the remaining remanence of the specimen from >66% to 
approximately 10% (Fig. 39), which is consistent with the observations of Roberts et al. 
(2011).  Additionally, AF demagnetization of 09Pt67-1 resulted in an increase in remanence 
at fields >60 mT (Fig. 39), which is consistent with the acquisition of a gyroremanent 
magnetization by greigite (Dankers and Zijderveld, 1981; Roberts et al., 2011).  Greigite 
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(Fe3S4) commonly forms in sulfate reducing conditions (Roberts et al., 1995), so the presence 
of greigite implies that this lacustrine specimen was formed under reducing conditions.   
 
  
















Diablo Arroyo Diablo 2010 7 78 13 17.3 9.9
Diablo Arroyo Diablo 2011 8 90 11.25 20.8 2.9
Diablo Diablo Slot Canyon 2010 31 325 10.9 18.3 2.5
Diablo Little Devil Wash 2010 12 141 12.9 18.3 7.3
Tapiado Arroyo Tapiado 2011 12 170 15.5 36.3 6.4
Tapiado Arroyo Tapiado 2010 23 223 10.4 19.2 3.7
Tapiado White Wash 2010 20 237 11.8 20.8 5
CSN Canyon Sin Nombre 2009 48 639 13.6 30 6.6
CSN Canyon Sin Nombre 2011 1 n/a n/a n/a n/a
CSN-Side Walk-In Wash 2009 18 197 11.1 19.4 1.7
CSN-Side Walk-In Wash 2011 4 88 29.3 40.1 19.2
2009N Arroyo Tapiado 2009 17 284 16.7 92.5 6.5
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Table 2:  First-removed component site mean directions
Dec. Inc.
07Pt01 16.1 56.4 4 105.84 9.0
07Pt02 1.3 58.8 3 239.94 8.0
07Pt04 3.1 60.0 3 1543.35 3.1
07Pt05 3.9 58.5 3 361.37 6.5
07Pt07 5.1 60.6 3 101.54 12.3
07Pt10 353.3 56.0 6 322.46 3.7
07Pt11 8.3 64.1 5 315.55 4.3
07QPh23 4.5 57.4 4 384.91 4.7
07QPh27 16.0 50.2 6 162.48 5.3
07QPh29 2.8 47.3 3 217.06 8.4
07QPh31 0.1 57.4 5 258.29 4.8
07QPh32 358.7 53.8 3 102.71 12.2
07QPh33 13.6 56.4 3 164.80 9.6
07QPh34 356.0 62.6 3 285.62 7.3
07QPh39 359.3 58.5 3 252.29 7.8
07QPh40 2.4 47.7 3 1701.05 3.0
09Po01 359.7 53.9 4 128.17 8.1
09Po05 1.4 54.2 5 251.85 4.8
09Po09 1.9 60.1 4 113.04 8.7
09QPh11 8.2 42.0 3 718.96 4.6
09Po15 15.7 55.0 4 164.81 7.2
09QPh18 7.5 49.3 5 406.78 3.8
09Po21 14.9 53.6 5 86.45 8.3
09Po23 8.8 46.4 4 146.81 7.6
09Po24 15.9 48.7 4 127.16 8.2
09QPh28 350.9 54.1 5 142.00 6.4
09QPh30 6.2 53.3 3 262.18 4.6
09Po32 15.1 56.6 4 142.58 7.7
09Po34 352.2 51.7 4 443.74 4.4
09Po35 357.4 54.3 5 259.13 4.8
09Po37 353.0 32.5 4 100.00 9.2
09QPh39 13.3 58.5 5 148.13 6.3
09QPh40 17.9 53.4 3 371.14 6.4
09QPh44 29.3 62.2 4 337.46 5.0
09Po47 5.1 52.1 4 875.56 3.1
09Pd49 10.1 52.2 4 464.27 4.3
09Pd52 7.9 54.1 3 793.30 4.4
09Pd55 15.2 54.4 3 1130.83 3.7
09QPh57 22.5 57.0 4 423.47 4.5
09QPh60 8.3 55.4 4 379.64 4.7
09QPh61 358.0 59.2 3 224.91 7.9
09QPh65 355.5 53.9 3 649.40 4.8
09QPh70 1.5 53.3 3 261.04 7.6




09QPh74 2.1 62.4 3 309.07 7.0
09QPh75 9.5 52.0 3 106.92 12.0
09Po76 8.0 55.4 5 228.12 5.1
09Po80 357.4 65.0 4 292.33 5.4
09Po81 355.3 63.1 4 731.68 3.4
10QPh04 16.7 66.6 4 187.37 6.7
10QPh08 10.4 78.5 4 114.52 8.6
10QPh09 358.8 58.0 3 246.43 7.9
10QPh10 12.8 66.3 3 210.66 8.5
10QPh14 349.7 61.9 3 193.04 8.9
10Pt23 9.9 53.1 3 666.90 4.8
10Pt29 360.0 66.8 4 353.92 4.9
10QPh33 26.4 60.6 4 385.79 4.7
10QPh34 9.8 58.6 4 520.19 4.0
10QPh37 359.1 57.8 4 108.05 8.9
10QPh38 354.2 53.0 4 119.91 8.4
10QPh42 0.8 48.2 4 118.38 8.5
10QPh43 340.9 56.3 3 172.85 9.4
10Pd44 8.9 54.4 3 318.68 6.9
10Pd48 6.8 57.9 5 542.82 3.3
10Pd50 13.2 56.6 3 107.01 12.0
10Pd52 15.6 57.1 3 557.23 5.2
10Pd53 9.0 30.2 3 630.37 4.9
10Pd54 359.2 52.9 5 194.52 5.5
10Pd55 3.2 59.2 5 1024.20 2.4
10Pd56 346.4 56.6 3 229.52 8.2
10Pd57 23.8 53.2 4 253.29 5.8
10Pd58 22.3 47.6 4 148.26 7.6
10Pd59 5.0 53.2 4 126.83 8.2
10Pd60 10.2 53.9 4 208.92 6.4
10Pt68 7.3 57.7 4 1613.25 2.3
10QPh71 3.7 47.5 3 102.98 12.2
10QPh73 15.9 56.1 4 197.50 6.6
10QPh78 5.6 49.8 4 105.27 9.0
10QPh80 4.9 59.4 4 116.18 8.6
10Pd87 359.8 58.1 5 84.35 8.4
10Pd88 14.5 48.0 3 400.05 6.2
11Pd01 13.2 53.9 4 175.28 7.0
11Pd02 10.9 61.5 4 305.24 5.3
11Pd03 18.2 60.9 4 211.18 6.3
11Pd04 13.0 61.4 5 119.41 7.0
11Pd05 2.3 59.4 4 231.16 6.1
11Pd07 13.5 54.9 3 230.15 8.1
11Po09 10.2 49.5 3 328.20 6.8
11Pd10 7.8 54.9 3 828.11 4.3
11Pd11 13.7 58.6 4 251.15 5.8
11Pd12 7.3 54.7 4 687.64 3.5
11Pd14 23.8 62.8 3 207.77 8.6
11Pt19 19.1 50.6 4 136.23 7.9
11Pt20 15.8 64.0 3 463.00 5.7





Site mean directions calculated using Fisher (1953) statistics.  Dec., Inc., and alpha 95 are in degrees.
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Table 3:  Second-removed component site mean directions
Dec. Inc. Dec. Inc. Dec. Inc.
07Pt01 32.2 41.3 358.9 54.8 3.3 54.9 6 57.18 8.9
07Pt08 204 -8.1 201.6 -32.6 204.3 -32.7 5 155.35 6.2
07Pt10 217.8 -14.7 208.1 -34 211.9 -34 7 214.86 4.1
07Pt11 210.3 -31.7 193.9 -53.5 197.6 -53.5 5 155.35 4.2
07QPh13 202.8 -23.6 192.1 -43.6 195.2 -43.7 6 254.07 4.2
07Pt14 209.1 -18.8 199 -42.3 202.6 -42.3 4 545.35 3.9
07Pt15 206.8 -19.6 198.9 -42.5 202.1 -42.4 5 71.54 9.1
07Pt17 216.8 -25.6 210.3 -52.5 213.7 -52.5 5 218.65 5.2
07QPh18 208.5 -26.4 192.1 -38.6 195.9 -38.5 5 170.69 5.9
07QPh21 204.8 -26.1 186.8 -37.9 191 -37.9 5 99.13 7.7
07QPh22 196.4 -22.4 185.5 -38.1 188.7 -38.1 5 159.67 6.1
07QPh24 26.2 25.1 16.9 44.4 19.8 44.4 4 282.55 5.5
07QPh29 23.7 22.7 11.8 37.8 15.1 37.8 4 857.06 3.1
07QPh31 17.5 35.6 359.2 53.5 2.4 53.5 4 195.24 6.6
07QPh36 213.2 -29.5 202.8 -50.7 205.9 -50.7 7 227.29 4
07Pt37 195.4 -27.5 186.6 -45.8 188.9 -45.7 4 424.81 4.5
07QPh41 29.3 39.6 10.4 58.3 13.7 58.4 5 127.57 6.8
07QPh43 202.3 -24.3 191.2 -44.1 194.3 -44.2 4 325.68 5.1
07QPh44 206.6 -39 190.2 -57.6 193.2 -57.6 6 115.75 6.3
07QPh45 202.2 -42.1 191.6 -62.4 193.8 -62.4 5 342.92 4.1
07QPh46 195.4 -28.8 181.6 -45.6 184.6 -45.6 4 304.12 5.3
09QPh70 18.9 27.3 155.8 -17.3 8.5 50 4 227.01 6.1
09QPh72 27.8 25.6 204.4 -43.6 16.9 44.3 4 1093.08 2.8
09QPh73 24.5 37.3 8.4 48.2 359.4 59 4 489.51 4.2
09QPh74 38.4 34.3 17.8 36.3 33.8 63.6 4 140.91 7.8
09Po76 25.5 32 26.9 27.4 10.4 54.5 4 489.51 4.8
09Po79 209.8 -24.5 5.3 50 204.9 -50.6 5 365.09 4
09Po82 198.9 -13.9 13.1 44.4 193.6 -35.8 5 315.00 4.3
09Po83 210.6 -20.6 355.2 59 207.9 -45 4 203.51 6.5
09Po84 26.6 19.5 30.3 63.6 21.7 49 5 427.76 3.7
09Po85 31.1 27.2 6.5 54.4 27 54.9 5 186.73 5.6
09Po86 31.1 43.1 201.8 -50.6 11.3 73.6 5 263.80 4.7
10QPh01 189.4 -33.2 190.2 -35.9 182.3 -46.1 5 147.47 6.3
10QPh03 208.3 -20.6 204.9 -45.1 204.9 -36.9 3 215.75 8.4
10QPh04 200.6 -32.2 18.2 49 190.2 -47.4 5 61.99 9.8
10QPh06 204 -37.9 23.8 54.9 191.4 -55.1 5 404.59 3.8
10QPh08 195.3 -23.9 7.5 73.6 186.1 -35.7 4 219.78 6.2
10QPh12 206.3 -38.9 180.4 -46.1 193.1 -56.2 3 453.91 5.8
10QPh13 208.4 -31.1 202.4 -36.9 197.9 -45.9 4 224.27 6.1
10QPh19 212.4 -29.2 187.5 -47.3 198.7 -47.1 5 100.21 7.7
alpha 95In Situ North corrected Hinge correctedSite N K
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Table 3 cont:  Second-removed component site mean direc ons
Dec. Inc. Dec. Inc. Dec. Inc.
10Pt21 14.4 25.8 188.5 -55.1 2.4 44.8 5 99.59 7.7
10Pt22 26.1 28.7 183 -35.6 15.6 45.1 4 216.00 6.3
10Pt23 27.2 32.8 190.2 -56.1 13.6 43.5 5 98.28 7.8
10Pt27 27.8 45.2 194.8 -45.9 1 61.3 4 925.51 3
10Pt28 33.1 44.2 194.8 -47.1 18.6 57.1 3 107.18 12
10QPh35 205.2 -37.3 358.7 44.8 189.8 -46.6 4 146.65 7.6
10QPh36 205.5 -27.2 12.4 45.1 194.4 -37 5 61.76 9.8
10QPh39 211.7 -28.3 10.3 43.5 194.3 -53 5 184.11 5.7
10QPh43 209.3 -37.2 357.2 61.2 196.9 -51.6 4 299.97 5.3
10Pt61 44.7 40 16.1 57.2 30.1 56 5 194.67 5.5
10Pt66 41.5 17.8 186.7 -46.6 36.8 27.3 5 134.20 6.6
10QPh71 29.7 32 191.1 -37.1 17.8 41.5 4 140.54 7.8
10QPh72 37.4 29 189.7 -53 31.1 48.6 5 173.30 5.8
10QPh74 31 24.7 194.1 -51.6 25.1 43.5 4 282.41 5.5
10QPh75 32.1 39.4 26.9 56.1 17.2 52.4 5 421.76 3.7
10QPh76 38.5 44.4 34.4 27.3 18.6 63.1 5 134.41 6.6
10QPh82 20.3 40.5 14.7 41.4 359.4 47.2 5 84.07 8.4
10QPh86 31.9 12.2 28.1 48.6 26.9 24.9 3 516.32 5.4
11Pd17 32.1 37.2 22.2 43.5 16.7 51.8 4 213.50 6.3
11Pd19 37.7 33.3 14.2 52.5 21.8 50 4 184.65 6.8
11Pd20 35.1 43.9 15.2 63.2 9.9 58.4 3 237.45 8
11Pd21 37.3 34.1 355.8 47.2 28.6 50.9 3 132.72 10.7
09Po13 193.9 -59.3 23.6 25 161.6 -17.1 4 197.13 6.6
09QPh18 262.9 -47.9 13.5 51.8 208.5 -43.7 4 285.78 5.4
09QPh46 66.3 66.5 17.9 50.1 11.1 48.2 5 132.53 6.7
09Pd52 63.6 48.2 6 58.4 21.7 36.3 3 117.73 11.4
09Po54 48.3 32.1 25.7 50.8 30 27.4 4 439.71 4.4
alpha 95Site
In Situ North corrected Hinge corrected
N K
Site mean directions calculated using Fisher (1953) statistics.  Dec., Inc., and alpha 95 are in degrees.
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Table 4:  Section location and polarity








09Po-1 579036 3633518 0 r 4 344/33
09Po-2 579092 3633557 14 r 2/4 358/44
09Po-3 579108 3633606 39.9 r 4 350/43
09Po-4 579158 3633635 48 r 4 353/38
09Po-5 579123 3633654 61.5 r 2 015/38
09Po-6 579105 3633667 73.4 r 4 338/39
09Po-7 579082 3633690 91.6 r 4 338/45
09Po-8 579017 3633708 121.6 r 2 325/46
09Po-9 579004 3633732 137.5 r 2 324/49
09Po-10 578998 3633755 155.3 r 4 336/47
09Po-11 579056 3633815 171.3 r 2 332/14
09Po-12 579201 3633888 184.4 r 2/4 334/44
09Po-47 579365 3634025 197.9 r 2/4 321/46
09Po-48 579387 3634050 224 r 2 334/44
09Po-13 579253 3634032 230.6 r 1 325/50
09Po-14 579342 3634117 244.9 r 4 334/42
09Po-15 579334 3634132 254.9 r 4 346/44
09Po-16 579310 3634142 275.7 r 4 324/44
09Po-17 579286 3634157 288.3 r 2 335/50
09Po-18 579271 3634164 298.8 r 1 334/43
09Po-19 579188 3634145 314.2 r 2 342/42
09Po-20 579198 3634176 328.1 r 2 337/45
09Po-21 579231 3634227 348.9 r 2 330/48
09Po-22 579221 3634230 356.9 r 2 356/47
09Po-23 579208 3634241 368.2 r 2 336/42
09Po-24 579198 3634258 380.7 r 2 338/45
09Po-25 579190 3634266 387.9 r 2 338/45
09Po-26 579141 3634267 409 r 2 340/47
09Po-27 579120 3634267 420 r 2 334/46
09Po-28 579144 3634302 429.2 r 2 328/44
09Po-29 579151 3634322 437.6 r 2 330/44
09Po-30 579185 3634357 446.7 r 2 337/47
09Po-31 579357 3634445 458.1 r 2/4 355/43
09Po-32 579355 3634466 469.6 r 1/4 345/42
09Po-33 579343 3634487 483.3 r 2/4 360/42
09Po-34 579243 3634460 495.2 r 1 322/41
09Po-35 579255 3634484 505.6 r 1 350/34
09Po-36 579258 3634503 519.4 r 2 344/41
09Po-37 579269 3634530 530.6 r 4 335/48
09Po-38 579267 3634542 537.8 r 2 352/44
09QPh-39 579333 3634591 551.6 r 2 349/39
09QPh-40 579311 3634599 566.2 n 2 343/44
09QPh-41 579302 3634616 575.2 n 2 340/41
09QPh-42 579290 3634635 589.8 n 2 354/42
09QPh-43 579282 3634650 599.1 n 2 341/42
Canyon Sin Nombre Section (2009)
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Table 4 cont.:  Section location and polarity
Site Easting Northing Height in Site Specimen Dip 
09QPh-44 579288 3634656 608.9 n 2 340/43
09QPh-45 579289 3634673 622.1 n 2 340/43
09QPh-46 579284 3634684 639 n 1 340/43
11-Pd-9 578952 3633441 r 1/4 340/44
09Pd-49 580060 3635175 0 n 4 337/42
09Pd-50 580049 3635192 13 n 2 334/42
09Pd-51 580011 3635198 ? n 2 310/34
09Pd-52 580010 3635211 43 n 1 342/39
09Pd-53 580049 3635265 57.7 n 2 313/32
09Po-54 580030 3635277 66.5 n 1 321/26
09Po-55 580047 3635336 87.5 n 1 322/36
09QPh-56 580050 3635365 100.4 n 2 320/28
09QPh-57 580043 3635399 113.3 n 1 315/34
09QPh-58 580028 3635410 123.4 n 2 329/31
09QPh-59 580031 3635423 126.5 n 2 328/31
09QPh-60 580169 3635510 128.2 n 2 329/30
09QPh-61 580273 3635609 147.6 r 2 329/30
09QPh-62 580267 3635636 162.1 r 2 345/31
09QPh-63 580249 3635651 172.6 r 2 341/42
09QPh-64 580213 3635677 184.3 r 2 338/32
09QPh-65 580209 3635688 190.5 r 2 338/32
09QPh-66 580202 3635708 197 r 2 325/28
11-Pd-22 580166 3635056 0 n 4 209/36
11-Pd-23 580147 3635129 40.1 n 1/4 246/20
11-Pd-24 580082 3635130 59.3 n 4 244/37
11-Pd-25 580085 3635171 88 n 1 244/42
09Po76 573289 3646935 0 n 2 237/29
09Po77 573269 3646905 15.4 r 2 237/29
09Po78 573248 3646846 28.4 r 2 237/29
09Po79 573241 3646846 37.1 r 1 228/28
09Po80 573207 3646837 48.7 r 1/2 218/29
09Po81 573205 3646799 61.1 r 1 221/28
09Po82 573220 3646754 72.9 r 1 234/28
09Po83 573251 3646684 79.4 r 1 228/26
09Po84 573246 3646646 97.3 n 1 226/32
09Po85 573274 3646572 112.1 n 1 225/29
09QPh75 573440 3646029 204.6 n 1 195/27
09QPh74 573419 3645996 221.6 n 1 228/30
09QPh73 573383 3645982 235.6 n 1 240/32
09QPh72 573368 3645970 243.6 n 1 246/26
Canyon Sin Nombre Section (2009) cont.





Table 4 cont.:  Section location and polarity
Site Easting Northing Height in Site Specimen Dip 
09QPh71 573339 3645925 267.1 r 4 242/22
09Pt70 573335 3645907 274.6 n 1 229/28
09Pt69 573340 3645871 284.1 n 1 227/24
10-Pt-1 575211 3642505 0 r 1 226/17
10-Pt-2 575197 3642479 5.5 r 4 228/19
10-QPh-3 575173 3642449 16 r 1 237/19
10-QPh-4 575135 3642407 32.5 r 1 239/21
10-QPh-5 575109 3642394 40 r 4 249/21
10-QPh-6 575068 3642371 53.2 r 1 236/22
10-QPh-7 575043 3632352 65.2 r 1 236/18
10-QPh-8 575000 3642341 78 r 1 248/20
10-QPh-9 574972 3642331 85.1 r 4 238/20
10-QPh-10 574969 3642285 95.3 r 4 243/22
10-QPh-11 574951 3642299 104.5 r 1 241/20
10-QPh-12 574918 3642300 112 r 1 238/22
10-QPh-13 574908 3642247 126.3 r 1 248/21
10-QPh-14 574879 3642251 131.3 r 1/4 241/24
10-QPh-15 574801 3642222 152.1 r 1 241/24
10-QPh-16 574770 3642228 163.6 r 1 261/24
10-QPh-17 574751 3642203 177.8 r 1 242/22
10-QPh-18 574678 3642203 195.2 r 1 242/22
10-QPh-19 574555 3642231 215 r 1 252/26
10-QPh-20 574535 3642212 223.6 - - 252/26
10-Pd-44 578072 3642092 0 r 3 170/25
10-Pd-45 578036 3642101 15.6 r 3 265/25
10-Pd-46 578011 3642091 24.6 r 3 263/22
10-Pd-47 577970 3642090 40.3 r 3 266/25
10-Pd-48 577922 3642166 54.4 n 1/4 260/25
10-Pd-49 577878 3642220 64.2 n 1 260/25
10-Pd-50 577841 3642248 74.2 n 1/4 265/23
10-Pd-51 577817 3642250 81.2 n 1 263/23
10-Pd-52 577780 3642250 97.6 n 4 263/23
10-Pd-53 577747 3642248 111.7 r 4 263/23
10-Pd-54 577729 3462229 122.4 r 3 264/23
10-Pd-55 577702 3642221 131.5 r 4 265/24
10-Pd-56 577666 3642202 147.2 r 1/4 264/20
10-Pd-57 577643 3642185 161.4 n 4 261/21
10-Pd-58 577607 3642169 177.7 n 1/4 263/23
10-Pd-59 577557 3642160 196 n 1/4 263/24
10-Pd-60 577539 3642150 205.7 n 1/4 263/24
10-Pd-69 577528 3642142 208.4 n 1 264/21
10-Pd-61 577502 3642131 217.7 n 1 258/21
10-Pd-62 577484 3642135 224.5 n 1 260/22
2009 N Section cont.
White Wash Section
Diablo Slot Canyon Section
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Table 4 cont.:  Section location and polarity
Site Easting Northing Height in Site Specimen Dip 
10-Pd-63 577466 3642127 235.8 n 1 260/22
10-Pd-64 577454 3642107 247.3 n 1/4 263/23
10-Pd-65 577416 3642076 257.1 n 1/4 269/19
10-Pd-66 577394 3642083 267 n 1 270/15
10-Pd-67 577386 3642121 273.3 n 1 273/12
10-Pd-68 577325 3642100 289.6 n 4 273/12
10-QPh-70 577313 3642089 293.2 n 4 267/19
10-QPh-71 577289 3642078 301.2 n 1 264/19
10-QPh-72 577267 3642073 308.7 n 1 241/22
10-QPh-73 577227 3642067 323 n 4 247/22
10-QPh-74 577231 3642042 325.5 n 1 239/22
10-QPh-75 577619 3641261 0.3 n 1 254/20
10-QPh-76 577571 3641223 10.3 n 1 248/24
10-QPh-77 577539 3641217 19.4 n 4 250/22
10-QPh-78 577480 3641172 34.5 n 4 254/24
10-QPh-79 577456 3641160 45.8 n 1/4 268/24
10-QPh-80 577421 3641123 63.4 n 1/4 268/24
10-QPh-81 577389 3641021 84.5 n 4 262/21
10-QPh-82 577349 3641023 95 n 1 263/24
10-QPh-83 577356 3640983 102.3 n 1/4 241/25
10-QPh-84 577349 3640906 112.3 n 1 254/18
10-QPh-85 577359 3640804 123.4 n 1/4 262/20
10-QPh-86 577325 3640741 141.7 n 1 172/21
10-QPh-87 578670 3640955 0 n 1 254/19
10-QPh-88 578619 3640943 11.6 n 1 256/18
10-QPh-89 578577 3640948 24.6 n 1 256/18
10-QPh-90 578564 3640890 34.5 n 1/4 266/29
10-QPh-91 578555 3640789 46.1 n 1 256/19
10-QPh-92 578493 3640893 60.6 n 1 261/21
10-QPh-93 578435 3640903 77.9 n 1 232/29
11-Pd-1 578417 3640938 7.8 n 3 259/21
11-Pd-2 578377 3640904 28.6 r 3 259/21
11-Pd-8 578335 3640970 35.8 n 1 262/23
11-Pd-3 578297 3641018 44.2 n 3 255/22
11-Pd-4 578276 3641007 53.3 r 3 271/17
11-Pd-5 578231 3641002 67.4 r 3 254/24
11-Pd-6 578187 3640989 87.1 r 1/4 254/24
11-Pd-7 578183 3640970 90 n 3 289/17
10-Pt-21 576142 3642268 0 n 1 235/28
10-Pt-22 576110 3642268 7.2 n 1 245/23
Arroyo Tapiado Section (2010)
Arroyo Diablo Section (2011)
Diablo Slot Canyon Section cont.
Little Devil Wash Section
Arroyo Diablo Section (2010)
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Table 4 cont.:  Section location and polarity
Site Easting Northing Height in Site Specimen Dip 
10-Pt-23 576094 3642284 14.8 n 1 260/21
10-Pt-24 - - 24.2 n 1 261/23
10-Pt-25 576057 3642302 29.2 n 4 264/26
10-Pt-26 576029 3642290 42.6 n 1/4 266/23
10-Pt-27 576014 3642297 51.2 n 1 247/26
10-Pt-28 576015 3642145 59.9 n 1 250/18
10-Pt-29 576001 3642158 69.6 r 1 248/23
10-Pt-30 575968 3642170 82.7 r 1 248/23
10-Pt-31 575949 3642126 91.5 r 1/4 244/21
10-QPh-32 575939 3642097 99.6 r 1 246/22
10-QPh-33 575929 3642084 103.3 r 4 245/25
10-QPh-34 575867 3642093 122.5 r 4 247/22
10-QPh-35 575855 3642079 131.3 r 1 260/20
10-QPh-36 575806 3642014 149.1 r 1 262/21
10-QPh-37 575798 3641946 158.6 r 4 245/23
10-QPh-38 575775 3641927 168.3 r 4 248/21
10-QPh-39 575743 3641905 182.5 r 1 245/23
10-QPh-40 575731 3641880 189.7 r 4 241/25
10-QPh-41 575697 3641908 200.6 r 1 251/23
10-QPh-42 575659 3641884 218.7 r 1 247/20
10-QPh-43 575638 3641865 237.1 r 1
11-Pd-10 576750 3642211 0 n 3 247/24
11-Pd-11 576718 3642214 6.4 n 1 247/24
11-Pd-12 576665 3642214 13.2 r 3 234/20
11-Pd-13 576644 3642210 27.8 n 1 234/20
11-Pd-14 576620 3642183 40.1 n 1 242/20
11-Pd-15 576473 3642432 64.8 n 1 242/20
11-Pt-16 576451 3642222 101.1 n 1 255/22
11-Pt-17 576432 3642247 111.4 n 1 253/22
11-Pt-18 576423 3642284 120.1 n 1 244/22
11-Pt-19 576344 3642236 140.9 n 1 24/22
11-Pt-20 576291 3642301 155.4 n 1 258/25
11-Pt-21 576254 3642292 169.9 n 1 246/20
Arroyo Tapiado Section (2011)
Arroyo Tapiado Section (2010) cont.
Site locations, polarity class, and polarity interpretation, UTM coordinates are 
in zone 11S MAD83.  "r" is reverse polarity, "n" is normal polarity.  Class 1 sites 
have linearly decaying second-removed components.  Class 2 sites have 
clearly defined components but were destroyed during demagnetization.  
Class 3 sites have well defined first-removed components and 
second-removed components that cluster near the origin.  Class 4 sites have 
noisy or curvilinear components.
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Table 5:  Hysteresis parameters
Sample Mrs Ms Hcr Hc Hcr/Hc Mrs/Ms
90.091.393.9642.12250-E18.760-E83.7                   40tP70
90.082.499.9678.99250-E52.560-E56.4                   50tP70
11.055.339.9639.74250-E00.260-E71.2                   60tP70
90.094.421.3634.38250-E86.760-E58.6                   70tP70
40.086.250.51167.80360-E50.670-E62.2                   90tP70
01.027.316.8701.29250-E05.960-E01.9                  31hpQ70
80.021.354.6776.83250-E97.160-E83.1                  61hpQ70
61.043.316.70169.85340-E17.150-E66.2                  71hpQ70
51.069.231.50105.11350-E97.850-E53.1                  81hpQ70
41.034.805.3858.30750-E63.160-E19.1                  02hpQ70
828.10340-E81.150-E44.1                  32hpQ70 3.74 3.60 0.12
41.059.292.50106.01350-E13.360-E97.4                  62hpQ70
51.093.393.4840.68250-E65.460-E36.6                  72hpQ70
11.058.328.7743.99250-E96.760-E47.8                  92hpQ70
21.075.368.6704.47240-E91.150-E34.1                  03hpQ70
11.067.378.5664.74250-E96.760-E57.8                  13hpQ70
81.069.357.31178.94460-E73.860-E74.1                  23hpQ70
90.009.317.5811.43350-E42.460-E67.3                  33hpQ70
21.022.314.2835.56250-E10.460-E88.4                  43hpQ70
01.000.435.8603.47240-E33.150-E83.1                  83hpQ70
01.093.656.2622.00450-E73.260-E13.2                  93hpQ70
11.057.470.0836.08340-E12.150-E33.1                  04hpQ70
70159.89250-E39.260-E96.5                  14hpQ70 .64 2.78 0.19
21.081.305.4775.63250-E09.760-E97.9                  34hpQ70
21.045.398.7680.04240-E43.150-E95.1                  44hpQ70
11.064.338.2672.71250-E29.660-E95.7                  54hpQ70
21.095.380.1784.55250-E33.660-E44.7                  64hpQ70
80.079.364.7563.82240-E84.250-E10.2                   10oP90
70.091.433.7461.89140-E35.250-E18.1                   20oP90
80.019.376.4536.31240-E27.650-E72.5                   30oP90
90.070.491.8527.63240-E45.150-E63.1                   40oP90
21.046.355.4707.17250-E91.860-E44.9                   50oP90
31.059.223.4859.84250-E77.460-E80.6                   60oP90
01.063.325.6721.75240-E08.150-E67.1                   70oP90
29.1                   80oP90 E-05 1.96E-04 231.29 67.81 3.41 0.10
41.068.285.80100.01350-E81.560-E62.7                   90oP90
90.073.402.9519.85260-E38.770-E59.6                  01oP90
31.031.335.6986.10350-E89.560-E36.7                  11hpQ90
91.060.226.70191.22250-E29.460-E12.9                  21oP90
21.016.340.5899.60340-E81.250-E07.2                  31oP90
90.069.304.5619.85240-E12.350-E67.2                  41oP90
11.013.377.6753.45250-E30.760-E68.7                  51oP90
90.069.362.7528.62250-E48.560-E02.5                  61oP90
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Table 5   :.tnoc Hysteresis parameters
Sample Mrs Ms Hcr Hc Hcr/Hc Mrs/Ms
21.005.357.1723.15250-E18.660-E78.7                  71oP90
11.015.356.2772.55240-E55.250-E39.2                  81hpQ90
51.453.6604.57250-E11.260-E82.2                  91hpQ90 0.11
31.317.1967.68250-E12.560-E34.5                  02hpQ90 0.10
31.485.2581.71240-E44.250-E87.1                  120P90 0.07
93.308.10117.44350-E41.560-E30.6                  22oP90 0.12
43.353.6618.12250-E36.950-E30.1                  32oP90 0.11
64.412.6526.05240-E17.150-E82.1                  42oP90 0.07
51.465.50178.73450-E11.260-E23.3                  52oP90 0.16
14.497.1591.82240-E10.160-E43.8                  62hpQ90 0.08
90.342.82168.69350-E10.160-E43.1                  72hpQ90 0.13
644.36240-E53.150-E52.1                  82oP90 3.12 4.17 0.09
21.450.2582.41250-E76.260-E60.2                  92hpQ90 0.08
50.320.4717.52250-E88.260-E78.2                  03hpQ90 0.10
41.440.7509.53240-E39.450-E33.4                  13oP90 0.09
11.438.2689.75240-E53.150-E61.1                  23oP90 0.09
08.359.8627.16250-E85.260-E86.2                  33oP90 0.10
29.317.5513.81240-E66.150-E95.1                  43oP90 0.10
25.425.7407.41240-E41.250-E96.1                  53oP90 0.08
63.296.79191.76460-E95.270-E82.6                  63oP90 0.24
38.350.4836.12340-E63.250-E55.2                  73oP90 0.11
30.483.0661.34240-E24.150-E83.1                  93hpQ90 0.10
85.454.5412.80250-E58.360-E88.2                  04oP90 0.07
50-E89.760-E59.7                  44hpQ90 252.59 66.26 3.81 0.10
76.316.0878.59250-E14.660-E05.7                  54hpQ90 0.12
54.391.3758.25250-E62.760-E56.8                  64hpQ90 0.12
77.475.6565.96250-E87.460-E32.4                  74oP90 0.09
83.366.6771.95250-E63.560-E32.6                  84oP90 0.12
36.414.0544.33240-E19.250-E10.2                  94dP90 0.07
46.360.1699.12240-E42.160-E79.9                  05oP90 0.08
37.218.5996.16250-E01.160-E60.1                  15oP90 0.10
64.573.2664.04350-E20.560-E60.5                  25dP90 0.10
03.378.8801.39250-E35.160-E45.2                  35oP90 0.17
01.410.8498.69140-E25.150-E92.1                  45oP90 0.08
72.459.1536.12230-E45.140-E91.1                  55dP90 0.08
0-E68.8                  65hpQ90 6 8.14E-05 270.75 72.70 3.72 0.11
54.320.6638.72250-E25.460-E59.4                  75hpQ90 0.11
44.364.6873.79240-E11.150-E02.1                  95hpQ90 0.11
76.209.23129.45350-E52.650-E00.1                  06oP90 0.16
26.473.7946.94450-E46.160-E14.2                  26oP90 0.15
27.387.9505.22250-E24.160-E70.1                  36oP90 0.07
93.131.58417.47650-E91.250-E80.1                  46oP90 0.49
70.471.5644.56250-E23.760-E80.7                  56oP90 0.10
58
09Pt67                  3.18E-06 2.61E-05 302.72 99.43 3.04 0.12
09Pt68                  3.27E-06 4.04E-05 244.43 59.14 4.13 0.08
09Pt69                  2.20E-06 2.16E-05 244.80 76.06 3.22 0.10
51.367.0935.58250-E49.260-E59.3                  07hpQ90 0.13
49.355.4615.45250-E73.560-E40.5                  17hpQ90 0.09
Table 5   :.tnoc Hysteresis parameters
Sample Mrs Ms Hcr Hc Hcr/Hc Mrs/Ms
09Qph72                 1.15E-05 7.23E-05 301.68 98.12 3.07 0.16
09Qph74                 8.19E-06 6.37E-05 331.01 90.82 3.64 0.13
09Qph75                 4.64E-06 4.06E-05 307.23 101.55 3.03 0.11
09Po76                  2.00E-06 1.85E-05 252.22 80.82 3.12 0.11
09Po77                  2.27E-06 2.40E-05 234.44 65.64 3.57 0.09
09Po78                  4.53E-05 5.25E-04 238.99 62.03 3.85 0.09
09Po79                  5.21E-06 4.96E-05 240.62 67.28 3.58 0.10
09Po80                  4.11E-06 3.40E-05 341.78 91.92 3.72 0.12
09Po81                  6.59E-06 5.41E-05 252.77 66.30 3.81 0.12
09Po82                  9.18E-06 1.01E-04 267.95 71.08 3.77 0.09
09Po83                  5.15E-06 4.74E-05 230.59 71.08 3.24 0.11
09Po84                  5.26E-06 4.93E-05 188.25 55.03 3.42 0.11
09Po85                  6.20E-06 5.71E-05 263.52 77.23 3.41 0.11
09Po86                  6.87E-06 5.73E-05 275.82 85.57 3.22 0.12
10Pt01                   1.01E-05 7.75E-05 236.21 71.87 3.29 0.13
10Pt02                   3.69E-06 3.64E-05 223.69 62.16 3.60 0.10
10Qph03                  1.14E-06 4.81E-06 827.28 170.99 4.84 0.24
10Qph04                  2.84E-06 3.27E-05 271.61 57.34 4.74 0.09
10Qph05                  1.86E-06 1.44E-05 440.43 112.05 3.93 0.13
10Qph06                  5.15E-06 4.27E-05 238.56 69.87 3.41 0.12
10Qph07                  7.14E-06 5.38E-05 240.63 70.79 3.40 0.13
10Qph08                  1.01E-05 7.00E-05 261.51 81.59 3.21 0.14
10Qph09                  5.37E-06 5.49E-05 241.58 63.28 3.82 0.10
10Qph11                 1.05E-05 8.43E-05 280.73 77.29 3.63 0.12
10Qph12                 9.42E-06 8.84E-05 260.53 71.34 3.65 0.11
10Qph13                 8.49E-06 6.55E-05 241.40 70.86 3.41 0.13
10Qph15                 3.22E-06 2.41E-05 242.14 72.02 3.36 0.13
10Qph16                 3.63E-06 2.65E-05 256.37 71.27 3.60 0.14
10Qph17                 7.23E-06 5.29E-05 326.77 92.31 3.54 0.14
10Qph18                 1.39E-06 1.29E-05 220.41 63.70 3.46 0.11
10Qph19                 1.49E-05 1.15E-04 256.55 73.82 3.48 0.13
10Pt21                  1.82E-05 1.56E-04 336.44 89.32 3.77 0.12
10Pt22                  1.05E-05 7.43E-05 394.34 94.86 4.16 0.14
09Pt66                  8.54E-07 9.01E-06 346.02 78.13 4.43 0.09
10Pt23                  1.41E-05 1.10E-04 292.98 84.96 3.45 0.13
10Pt24                  1.29E-05 1.09E-04 322.55 85.83 3.76 0.12
10Pt25                  1.37E-05 1.04E-04 302.27 90.03 3.36 0.13
10Pt26                  3.85E-06 3.12E-05 348.58 86.83 4.01 0.12
10Pt27                  9.65E-06 8.96E-05 249.12 69.80 3.57 0.11
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10Pt28                  3.18E-06 3.65E-05 375.52 55.83 6.73 0.09
10Pt29                  5.99E-06 4.57E-05 402.50 112.96 3.56 0.13
10Pt30                  5.62E-06 5.37E-05 265.06 67.31 3.94 0.10
10Qph31                 2.90E-06 1.97E-05 332.31 93.33 3.56 0.15
10Qph32                 8.74E-06 9.50E-05 230.73 54.89 4.20 0.09
10Qph35                 9.37E-06 8.05E-05 275.37 81.67 3.37 0.12
10Qph36                 1.84E-05 1.41E-04 334.56 93.29 3.59 0.13
10Qph37                 1.04E-06 8.28E-06 259.61 93.53 2.78 0.13
10Qph38                 3.61E-06 3.47E-05 252.36 73.90 3.41 0.10
Table 5   :.tnoc Hysteresis parameters
Sample Mrs Ms Hcr Hc Hcr/Hc Mrs/Ms
10Qph39                 1.33E-05 9.73E-05 236.38 72.99 3.24 0.14
60-E53.4                  04hpQ01 4.55E-05 265.62 62.57 4.24 0.10
60-E21.9                  14hpQ01 6.78E-05 279.70 88.74 3.15 0.13
50-E05.1                  24hpQ01 9.03E-05 248.61 91.41 2.72 0.17
50-E12.3                  34hpQ01 1.77E-04 368.73 119.35 3.09 0.18
50-E28.1                   44dP01 2.15E-04 250.63 66.78 3.75 0.08
50-E60.1                   54dP01 1.20E-04 234.63 64.02 3.67 0.09
50-E62.1                   64dP01 1.31E-04 282.42 73.23 3.86 0.10
50-E96.2                   74dP01 2.63E-04 276.89 75.26 3.68 0.10
50-E41.7                   84dP01 9.09E-04 265.01 69.29 3.82 0.08
50-E38.1                   94dP01 2.24E-04 272.97 65.37 4.18 0.08
50-E94.1                   05dP01 1.50E-04 267.37 74.41 3.59 0.10
50-E65.1                   15dP01 1.83E-04 244.77 64.91 3.77 0.09
50-E99.1                   25dP01 2.10E-04 301.33 81.27 3.71 0.10
50-E86.3                   35dP01 4.64E-04 267.48 68.30 3.92 0.08
50-E11.3                   45dP01 3.88E-04 251.74 65.27 3.86 0.08
50-E32.1                   55dP01 1.16E-04 264.94 78.80 3.36 0.11
50-E83.7                   65dP01 8.44E-04 264.18 65.84 4.01 0.09
50-E90.2                   75dP01 2.22E-04 265.13 72.44 3.66 0.09
50-E31.2                   85dP01 1.96E-04 284.58 84.05 3.39 0.11
50-E82.2                   95dP01 2.13E-04 313.27 78.12 4.01 0.11
50-E83.4                  06tP01 4.91E-04 259.42 68.70 3.78 0.09
60-E52.8                  16tP01 1.05E-04 249.64 52.78 4.73 0.08
60-E53.8                  26tP01 8.92E-05 233.97 59.28 3.95 0.09
60-E31.2                  46tP01 1.91E-05 325.73 98.90 3.29 0.11
60-E86.5                  56tP01 5.61E-05 242.47 68.27 3.55 0.10
50-E60.1                  66tP01 7.92E-05 266.10 80.97 3.29 0.13
50-E54.2                  76tP01 2.92E-04 269.15 66.94 4.02 0.08
60-E97.3                  86tP01 4.45E-05 242.38 63.57 3.81 0.09
50-E50.1                  96tP01 9.09E-05 266.66 80.40 3.32 0.12
60-E98.7                  07tP01 8.49E-05 238.17 58.26 4.09 0.09
50-E61.1                  17hpQ01 1.13E-04 252.07 64.77 3.89 0.10
50-E98.1                  27hpQ01 1.48E-04 301.43 86.33 3.49 0.13
50-E90.1                  37hpQ01 1.20E-04 232.53 54.43 4.27 0.09
60
60-E49.6                  47hpQ01 7.45E-05 224.44 55.11 4.07 0.09
60-E92.8                  57hpQ01 7.56E-05 245.87 63.70 3.86 0.11
50-E73.1                  67hpQ01 1.50E-04 232.76 57.95 4.02 0.09
60-E57.1                  77hpQ01 1.18E-05 360.82 103.53 3.49 0.15
60-E02.1                  87hpQ01 1.74E-05 158.45 45.40 3.49 0.07
60-E49.1                  97hpQ01 1.66E-05 161.94 80.01 2.02 0.12
60-E28.3                  08hpQ01 3.81E-05 284.77 62.73 4.54 0.10
60-E48.1                  18hpQ01 2.30E-05 346.82 66.12 5.25 0.08
60-E52.4                  28hpQ01 3.60E-05 254.42 75.10 3.39 0.12
60-E64.9                  38hpQ01 8.24E-05 250.84 65.66 3.82 0.11
60-E36.2                  48hpQ01 2.87E-05 211.73 61.27 3.46 0.09
60-E05.1                  58hpQ01 1.12E-05 317.62 113.09 2.81 0.13
10 50-E55.5                   78dP 6.64E-04 298.49 74.13 4.03 0.08
Table 5   :.tnoc Hysteresis parameters
Sample Mrs Ms Hcr Hc Hcr/Hc Mrs/Ms
10Pd88                  1.77E-05 1.68E-04 292.20 78.35 3.73 0.11
10Pd89                  1.31E-05 1.38E-04 297.03 74.50 3.99 0.10
10Pd90                  4.12E-06 3.93E-05 314.83 84.66 3.72 0.10
10Pd92                  7.04E-05 1.11E-03 296.18 64.58 4.59 0.06
11Pd02                   3.39E-05 3.79E-04 260.71 70.26 3.71 0.09
11Pd03                   1.65E-05 1.79E-04 235.05 67.85 3.46 0.09
11Pd04                   3.49E-05 4.13E-04 260.59 67.45 3.86 0.08
11Pd05                   1.85E-05 2.04E-04 253.87 70.07 3.62 0.09
11Pd06                   2.58E-05 2.39E-04 306.84 83.36 3.68 0.11
11Pd08                  4.92E-05 7.15E-04 277.25 62.92 4.41 0.07
11Pd07     1.69E-04 1.79E-03 300.29 85.62 3.51 0.09
11Pd09                   1.49E-05 1.44E-04 268.18 68.87 3.89 0.10
11Pd10                  2.66E-05 3.05E-04 270.43 67.56 4.00 0.09
11Pd11                  1.57E-04 1.97E-03 250.69 58.86 4.26 0.08
11Pd12                  1.35E-04 1.60E-03 293.82 75.31 3.90 0.08
11Pd14                  3.47E-05 3.46E-04 304.24 84.06 3.62 0.10
11PD15                  4.50E-05 5.49E-04 260.52 60.37 4.32 0.08
11Pt18                  3.09E-05 2.23E-04 315.95 94.23 3.35 0.14
11Pt19                  2.34E-05 1.95E-04 288.94 87.54 3.30 0.12
11Pt20                  6.70E-06 6.91E-05 336.98 78.59 4.29 0.10
11Pt21                  1.23E-05 8.71E-05 350.32 107.70 3.25 0.14
11Pd23                  3.06E-05 3.64E-04 224.89 57.92 3.88 0.08
11Pd24                  9.91E-06 1.21E-04 218.45 57.18 3.82 0.08
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Figure 1:  Regional map of the western Salton Trough and major surrounding 
tectonic features in southern California.  The region shown in Figure 2 is 
outlined in red.  EF-Elsinore fault, FCVB-Fish Creek-Vallecito basin, SAFZ-San 
Andreas fault zone, SJFZ-San Jacinto fault zone, WSDF-West Salton detachment 






































































Qm - 'Mesa' gravels
QPh - Hueso Formation
Pt - Tapiado Formation
QPc - Canebrake Congl.
Po - Olla Formation
Pd - A. Diablo Formation
Pdg - Deguynos Fm
PMl - Latrania Fm
Ms - Split Mr. Group













Figure 2:  Geologic map of the Fish Creek-Vallecito basin.  EF-Elsinore fault; FCM-Fish 
Creek Mountains; FCMF-Fish Creek Mountains fault; TBM-Tierra Blanca Mountains; VM-
Vallecito Mountains; WSDF-West Salton Detachment Fault; WP-Whale Peak.  Modified 
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Locally der ived r ivers (Hueso Fm),
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Regional Color ado Riv er system
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Figure 3:  Generalized stratigraphy for the Fish Creek-Vallecito Basin. 
Nomenclature and interpretation are based on Winker and Kidwell 
(1996), as modified by Cassiliano (1999).  Units sampled in this study 



























Figure 4:  Geologic map of the Palm Spring group in 
the Fish Creek Vallecito basin with magnification of 
areas sampled in this study.   Numbers in (a) refer to 
magnefied areas.  Colors, formations, and symbols 
are retained from Figure 2.  Black circles plot the 
locations of sites sampled for paleomagnetic and 
magnetostratigraphic analysis.  Sections names and 

























Figure 5:  a-e) Equal area projections of poles to bedding for the sampled 
composite sections.  f ) Equal area projection of mean bedding poles from a-e and 
the corresponding fold hinge line.  Poles to bedding are plotted as circles; the fold 




































































Figure 6:  Example orthogonal vector and equal angle projections of 
classification of demagnetization data.  Blue circles plot the horizontal vector 
projection.   Red circles plot the vertical vector projection.   Closed circles plot on 
the lower hemisphere and open circles plot on the upper hemisphere of equal 
angle projections.  Demagnetization steps are in degrees Celcius.   a) Class 1 



































Figure 7:  Equal area projections of in situ site mean remanence directions with alpha 
95<10° if N≥5 or k>100 if N<5.  a) Mean directions of second removed components.  b) 
Bootstrap calculated mean directions and 95% conficence ellipses of closed and open 
circle sites from (a).  c) Mean directions of first removed components.  d)  Bootstrap 
calculated mean and 95% confidence ellipse of sites in (b).  Closed circles plot on the lower 
hemisphere; open circles plot on the upper hemisphere. 
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Figure 8:  Block diagrams of untiling-unfolding corrections for the Fish Creek-
Vallecito basin.  a)  Untiling of fold limb bedding followed by unfolding of the 
remaining limb.  b)  Untilting perpendicular to the fold hinge followed by 
unfolding of both limbs. 
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Figure 9:  a-c)  Equal area plots of second-removed-component-site-mean directions 
at 0, 80, and 100% Hinge-corrected.  Closed circles plot on the lower hemisphere;  
open circles plot on the upper hemisphere.  d)  Histogram of maximum folding 
following Tauxe and Watson (1994).  Tau-1 is the eigenvalue that increases as 
clustering of sites increases.  Dashed lines are example bootstrap calculated 





Figure 10:  Equal area projections of in situ and 100% stratigraphically corrected site-
mean-second-removed-component directions.  Closed shapes plot on the lower 
hemisphere; open shapes plot on the upper hemisphere.  Squares are sites from 
Canyon Sin Nombre.  Grey points are sites 10Pt66 and 10QPh86.  a) In situ site-mean 
directions.  b) Hinge-corrected mean directions.  c) Hinge-corrected mean directions 
of (b) with sites 09Po32, 34, and 35 added for comparison.
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Figure 11:  Equal area projections of 100% stratgraphically corrected site-mean 
second-removed-component directions with alpha 95<10° if N≥5  or k>100 if N<5.  a) 
Mean directions are North-corrected.  b) Bootstrap-calculated mean directions of 
closed and open circle sites from (a).  c) Mean directions are Hinge-corrected d)  
Bootstrap calculated mean of sites in (b).  Closed circles plot on the lower 





Figure 12:  a) Equal area plot of site-mean directions from second-removed com-
ponents used in elongation-inclination analysis.  Reverse-polarity directions have 
been inverted to their antipode;  All points plot on the lower hemisphere.  b)  A 
histogram of 1000 inclinations of elongation correction following Tauxe (2005).  
73





































































Figure 13:  Cumulative frequency distributions of remanence directions 
orthogonal components and their 95% confidence intervals for normal and 
reverse polarity data.  Remanence directions were converted from spherical to 
Cartisian coordinates.  The frequency of each coordinate’s values are expressed as 
a sum from zero at the minimum value to 1 at the maximum.  The 0.05 and .95 
values are used as the 95% confidence interval for each distribution.  Solid lines 
plot the results from one data set, dashed black lines plot the results from the 
other data set.   Overlap of the 95% confidence intervals for all three components 






Figure 14: Equal area projections of site-mean directions used to compare rotation 
within data sets.  Upward directions have been converted to their antipode so that all 
directions plot on the lower hemisphere.  a)  Site-mean directions of second-removed 
components used in rotational analysis of the Fish Creek-Vallecito basin in this study.  
Sites are 100% Hinge-corrected  b)  Mean directions of sites from (a) with 95% 
conficence intervals divided into sampled sections.  c)  Site-mean directions of first-
removed components of magnetization from sites in the Fish Creek-Vallecito basin.  d) 










































































































CSN CSN-Side 2009 N
Figure 16:  Composite stratigraphic sections plotted with site stratigraphic level and 
polarity interpretations.  Site locations are plotted as dashes.  Solid bars indicate 
normal polarity; white bars indicate reverse polarity.  Polarity reversals are drawn 
between sites.  CSN is correlated to CSN-Side along bedding.  The Diablo and Tapiado 
sections are correlated along the base of the Tapiado Formation.  The 


















































Figure 17: Orthogonal vector plots of specimen demagnetization from core 10QPh06-3 
in stratigraphic coordinates.  Demagnetization paths are similar for both specimens.  
Blue (red) circles are projections on the horizontal (vertical) plane.  a)  Thermal 
demagnetization with two sharply defined components.  Steps are in degrees Celsius.  
b)  Alternating field demagnetization with overlap of first and second-removed 



























Figure 18:  Orthogonal vector projections of specimen demagnetization from site 
10Pd51 in stratigraphic coordinates.  Projections exemplify Class 1 data from the 
Arroyo Diablo Formation.  Specimens demagnetize with higher unblocking 
temperature and coercivity first-removed components and smaller magnitude 
second-removed components than the other lithologies from this study.  Blue (red) 
circles are vector end point projections on the horizontal (vertical) planes.  a) Thermal 
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Figure 19:  Orthogonal vector projections of specimen 
demagnetization from core 10Pd56-3. Blue (red) circles are 
the vector end points on the horizontal (vertical) planes.  
Plots have been rotated and scaled for clarity of illustration 
of thermal unblockin and coercivities of the 
second-removed component.  a)  Thermal demagnetization 
with two components of magnetization.  Steps are in 
Celsius.  b)  Alternating field demagnetization with two 


























































Figure 20:  Orthogonal vector projections of 
thermal demagnetization of specimens from the 
Arryo Diablo Formation.  The magnitude and 
fidelity of the second-removed components 
increase from (a) to (d).  Blue (red) circles are 
projections of vector end points on the horizontal 












































































Figure 21:  Thermal demagnetization of remanences applied in decreasing field 
strength following Lowrie (1990).   Fields strengths used to apply magnetizations 
are listed in each plot.  Plots exemplify remanence loss and temperature 


















































Figure 22:  Thermal demagnetization of remanences applied in decreasing field 
strenght following Lowrie (1990) to a specimen from 10Pd44. Fields strengths 
used to apply magnetizations are listed in each plot.   The process was then 
repeated to analyze specimen alteration.  a) Stepwise thermal demagnetization of 






































Figure 23:  Plots of formations of the Palm Spring group in the Fish 
Creek-Vallecito basin from histogram data.   Horizontal axis is bulk 
magnetic susceptibility;   Bin size is 0.00015.   Vertical axis is bin count.   





















































Figure 24:  Bulk magnetic susceptibility (K) versus demagnetization temperature  of 
specimens from the a) Hueso formation and b) the Diablo formation comparing 




































Figure 25:  Magnetic hysteresis loops from Fish Creek-Vallecito basin specimens illustrate 
a range of path shapes and data quality.  Increaded noise in measurements decreases 
the quality of the data.  Red curves are measured data.  Blue curves are corrected for  
high field slope, vertical asymmetry, and horizontal asymmetry.
Field strength (Oe)
















































Figure 26:  Day (1977) plot after Dunlop et al. (2002).  Horizontal axis is coercivity of 
remanence to coercivity  (Hcr/Hc) on a logarithmic scale.  Vertical axis is saturation 
remanence to saturation (Mrs/Ms) on a logarithmic scale.  Dark lines plot the mixing 
trends of single-domain magnetite (SD), multidomian magnetite (MD), and 
superparamagnetic magnetite (SP).  SP-SD mixing lines are also plotted by grain size.  
Circles are from 2009 and 2010 Fish Creek-Vallecito basin specimens.   Red circles = 
Diablo Formation; Blue circles = Hueso Formation; Green circles = Tapiado Formation; 




Figure 27:  Day (1977) plot after Dunlop et al. (2002).  Horizontal axis is coercivity of 
remanence to coercivity  (Hcr/Hc) on a logarithmic scale.  Vertical axis is saturation 
remanence to saturation (Mrs/Ms) on a logarithmic scale.  Dark lines plot the mixing 
trends of single-domain magnetite (SD), multidomian magnetite (MD), and 
superparamagnetic magnetite (SP).  SP-SD mixing lines are also plotted by grain size. 
Specimens from 2009 and 2010 Fish Creek-Vallecito basin.  Red ellipses = Diablo 
































Figure 28:  Representative isothermal remanent magnetization acquisition curves of 
specimens from the Arroyo Diablo, Hueso, and Tapiado Formations.  Specimens 




























































Figure 29:  Stepwise thermal demagnetization projections of site 09QPh71 in 
stratigraphic coordinates.  Steps are in Celsius.  a)  Orthogonal vector projection with 
blue (red) circles as the projections of vector end points on the horizontal (vertical) 
planes.  Discounting the 'nrm' measurment, this site demagnetizes with two 
components of magnetization and low intensity second-removed component.  b)  
Magnification of the shallow, upward inclination second-removed component from 
plot (a).   c)  Equal angle projection of data from (a).  Blue circles plot on the lower 
hemisphere and red circles plot on the upper hemisphere.  Remanence proceeds North 



































Figure 30:  Representative orthogonal vector and equal angle projections of thermal 
stepwise demagnetization of sites 09QPh70 and 09QPh72 in stratigraphic coordinates.  
For orthogonal vector projections, blue (red) circles are projections of vector end points 
on the horizontal (vertical) planes.  Blue circles plot on the lower hemisphere in equal 
angle projections.  Steps are in Celsius.  Remanence is well defined as two normal 






































Figure 31:  Remanence versus temperature plots of sites 11Pd#, where "#" is listed in the 
plot.  Remanence is from a 300-100 mT isothermal remanent magnetizations following 














































Dorsey et al., 2011
Figure 32:  Correlation of composite sections to the GPTS of Gradstein et al. (2004).    
Site locations are marked along measured sections, and polarity boundaries are 
assumed at midpoints between sites.  Known correlations are drawn in solid lines; 
inferred correlations are drawn in dashed lines.  
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Figure 33:  Age versus thickness for the preferred correlation of the Diablo and Tapiado
sections to the GPTS of Gradstein et al. (2004).  Sediment accumulation rates are listed 
for each interval.










Figure 34:  a)  Equal area projection of site mean directions for the Fish Creek-Vallecito 
basin after a 30mT demagnetization step. Modified from Opdyke et al., (1977).  
Closed circles plot on the lower hemisphere; open circles plot on the upper hemisphere.  
Upper and lower hemisphere group mean directions are plotted correspondingly with 
open and closed triangles. b)  Equal area projection of statistically significant site 
mean directions (K > 9) for the FCVB after a 509°C demagnetization step. 
Modified from Johnson et al. (1983).  Closed circles plot on the lower hemisphere; open 
circles plot on the upper hemisphere.  The alpha 95 of group mean directions are plotted





































































Qm - 'Mesa' gravels
QPh - Hueso Formation
Pt - Tapiado Formation
QPc - Canebrake Congl.
Po - Olla Formation
Pd - A. Diablo Formation
Pdg - Deguynos Fm
PMl - Latrania Fm
Ms - Split Mr. Group
Mf - Fish Creek Gypsum
lower plate basement
upper plate basement









Figure 35:  Geologic map of the Fish Creek-Vallecito basin showing the geometry used 
to calculate displacement along the Elsiniore fault.  Red arrows mark the approximate 
location of sampled sections and point in the stratigraphically corrected section mean 




Figure 36:  Equal area projections of the cross product of free line site mean direction 
and anchored line site mean direction pairs; poles to planes that describe the direction 
of offset.  Closed circles plot on the lower hemisphere; open circles plot on the upper 
hemisphere.  a)  Poles for all sites used in rotational analysis of the Fish Creek-Vallecito 
basin, with the mean direction plotted as a square.  b)  Subset of poles from negative 
inclination sites.  c)  Subset of poles from the positive inclination sites.  d)  Clustered 




Figure 37:  Equal area projections of poles of demagnetization path plane fits.  
Closed circles plot on the lower hemisphere; open circles plot on the upper 
hemisphere.  a)  Poles of specimens from sites with clustered free anchor poles.  b)  
Subset of poles from negative inclination sites.  c)  Subset of poles from positive 













































Figure 38:  Orthogonal vector projections of a) AF and b) thermal demagnetization with 
plots of remanence versus temperature from site 09Pt67.  Blue (red) circles are 
projections of vector end points in geographic coordinates on the horizontal (vertical) 
planes.
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